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Abstract 
Australia is currently facing the challenge of dramatic peak electricity demand 
due to large residential and commercial heating, ventilating and air conditioning 
penetrations. Research indicates that the Australian building industry accounts for 40% 
of the nation’s total electricity energy consumption and is responsible for 27% of 
national GHG (greenhouse gas) emissions. Commercial buildings in particular, 
consume approximately 61% total building energy consumption and 10% total 
building GHG emissions. In addition, the heating, ventilating, and air conditioning 
(HVAC) system is a major contributor to the building energy consumption. Therefore, 
developing innovative HVAC technology towards sustainability is vitally crucial for 
Australia to decrease the nation’s electricity energy consumption and GHG emissions.  
Since Australia has abundant solar energy resources with the highest average 
solar radiation per square metre in the world, solar air conditioning technology is 
highly desirable, as its availability coincides with the cooling demand. Thus, the peak 
electricity demand due to wide use of air conditioning in summer can be reduced, as it 
matches with the peak solar irradiance. This provides significant opportunities for 
Australia to develop solar cooling applications in buildings. However, although 
several solar cooling research and studies have been carried out in Australia recently, 
little research on the feasibility of different solar assisted cooling systems using 
different solar collector types have been conducted from the techno-economic point of 
view. And there are no comparative investigations about different solar cooling 
applications for all Australian climates.  
Therefore, by using the whole building energy simulation software EnergyPlus, 
this research has investigated the feasibility of different advanced solar assisted 
cooling systems for a representative medium-sized office building under all eight 
Australian capital cities, namely Adelaide, Brisbane, Canberra, Darwin, Hobart, 
Melbourne, Perth and Sydney. Three solar assisted cooling systems have been studied 
in this thesis, including solar desiccant-evaporative cooling (SDEC), solar desiccant-
compression cooling (SDCC), and solar absorption cooling (SAC). Different solar 
collector types are also evaluated, which include solar thermal (ST) collector, 
photovoltaic (PV) panel, and photovoltaic-thermal (PVT) panel. The technical, 
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environmental and economic performances of each system have been analysed in 
comparison with the referenced conventional variable air volume (VAV) system.  
Technical analysis has illustrated that for hot and humid climates like Brisbane 
and Darwin, the SDEC system performs the best relating to annual solar fraction (SF), 
system coefficient of performance (COP), and energy savings when adopting ST and 
PVT collectors. However, for temperate and cool climates, the SDEC system and SAC 
system performances are quite closed. While, when using PV panel, the VAV-PV 
system is the most energy efficient. However, the energy savings advantages for the 
SDCC system are not quite apparent except in Darwin.  
The environmental analysis has concluded that comparing to the conventional 
VAV system, the SDEC-PVT system generally has the largest reduction in annual CO2 
emissions, which is 280 t for Adelaide, 392 t for Brisbane, 338 t for Canberra, 378 t 
for Darwin, 78.4 t for Hobart, 344.6 t for Perth, and 373.6 t for Sydney. While for 
Melbourne, the SAC-PVT system achieved the most annual CO2 emissions reduction 
of 355 t.  
The economic assessment has demonstrated that the SDEC system has the best 
economic performance regarding to the payback period (PBP), life cycle cost (LCC) 
and net present value (NPV). Adelaide could achieve a life cycle saving of $189,471 
for the SDEC-PV system with the shortest PBP, of 8.8 years. For Brisbane, Darwin, 
Melbourne, Perth and Sydney, the SDEC-PVT system is the most economically 
feasible alternative because of relatively low PBP and a lower LCC than the 
conventional VAV system. However, reducing initial investment is a key point to 
achieve net benefits for Adelaide, Brisbane, Melbourne, Perth and Sydney. For 
Canberra and Hobart, it is not economically feasible for solar cooling system 
applications compared with the conventional VAV system.  
The sensitivity analysis has been conducted to evaluate the impacts of storage 
tank volume, solar collector area, and backup heater capacity on SF, system COP and 
energy consumption performances. The simulation results have indicated that the 
storage tank volume and solar collector area have no influence on system COP, but 
will improve the SF and reduce backup heater energy consumption dramatically when 
increasing the tank volume and collector area. A storage tank volume to collector area 
ratio of 40 m3/576 m2 is optimal when considering economic factors. And 100 kW 
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backup heater capacity provides the best performance for the satisfaction of the 
regenerative hot water temperature setpoint with low backup energy consumption. 
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𝑇𝑤𝑏,𝑖𝑛 Evaporative cooler inlet air wet bulb temperature (
oC) 
𝑇𝑒𝑎𝑣𝑝,𝑖𝑛 Chiller evaporator inlet water temperature (
oC) 
𝑇𝑒𝑎𝑣𝑝,𝑜𝑢𝑡 Chiller evaporator outlet water temperature (
oC) 
𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 Chiller condenser outlet water temperature (
oC) 
𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 Chiller condenser inlet water temperature (
oC) 
𝑇𝑖𝑛 Collector water inlet temperature (
oC) 
𝑇𝑜𝑢𝑡 Collector water outlet temperature (
oC) 
𝑇𝑎 Ambient air temperature (
oC) 
𝑇𝑟𝑒𝑔,𝑤,𝑖𝑛 Hot water temperature entering the regeneration heating coil (
oC) 
𝑉𝑡𝑎𝑛𝑘 Hot water storage tank volume (m
3) 
𝑊𝑐ℎ Chiller electricity input (kW) 
𝑊ℎ𝑣𝑎𝑐 Electricity power input of all the HVAC electric components (kW) 
𝑊𝑖𝑛 Total energy input for driving the HVAC system (kW) 
Other Symbols 
𝜀 Evaporative cooler effectiveness 
𝜀𝐻𝑋 Heat exchanger effectiveness 
𝜂𝑆𝑜𝑙𝑎𝑟  Solar thermal collector’s efficiency  
𝜂𝑐𝑒𝑙𝑙 PV cell electricity conversion efficiency 
𝜂𝑡ℎ PVT thermal conversion efficiency 
𝜂𝑃𝑉𝑇 PVT collector total efficiency 
∆𝐼𝐶  Initial cost differences between solar cooling system and the referenced 
VAV system ($) 
∆𝑂𝐶 Operation cost differences between the referenced VAV system and 
solar system alternatives ($) 
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 Chapter 1: Introduction 1 
Chapter 1: Introduction 
This chapter outlines the background (Section 1.1) and problems (Section 1.2) 
of the research, as well as its objectives in Section 1.3. Section 1.4 describes the 
significance and scope of this research. And Section 1.5 provides an overview of the 
remainder of the thesis. 
1.1 RESEARCH BACKGROUND 
Heating, ventilating and air conditioning (HVAC) systems installed in buildings 
are playing a significant role in people’s productivity and daily lives. It not only 
provides the occupants with healthy and comfortable indoor conditions but at the same 
time contributes to a substantial increase in energy consumption and environmental 
problems such as air pollution and global warming. According to recent studies, it is 
estimated that the building sector is responsible for 32% of the world total primary 
energy consumption (Wrobel, Sanabria Walter, & Schmitz, 2013) and nearly 34% of 
direct greenhouse gas (GHG) emissions from fossil fuel (IEA 2010). HVAC systems 
account for the most energy consumption within the building energy services, 
contributing to as much as 60% of the total building energy consumption (Wrobel et 
al., 2013). All these problems require designers and engineers to develop advanced 
HVAC systems which can both improve indoor air quality and thermal comfort while 
at the same time reduce energy consumption and air pollution emissions. This will 
become more crucial in the future due to climate change (Abdel-Salam & Simonson, 
2014). 
Fortunately, renewable energy applications in buildings are developing rapidly 
with the progress of science and technology. As an inexhaustible energy resource, solar 
energy provides an ideal solution for engineers and designers, as it results in energy 
savings and reduces GHG emissions from buildings. Solar air conditioning technology 
is widely considered as an environmentally friendly alternative for a conventional 
vapour compression air conditioning system because it uses low-grade and sustainable 
thermal energy and can minimise the need for chlorofluorocarbons (CFC) or hydro 
chlorofluorocarbons (HCFC) refrigerants (Baniyounes et al., 2013a). This could also 
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reduce the peak energy demand from the electricity grid due to excessive HVAC usage 
in summer. 
1.2 RESEARCH QUESTIONS 
The principal research problem highlighted in this thesis is to evaluate the 
feasibility study of solar assisted cooling technology for Australian commercial 
buildings. The evaluation is based on the analysis of the technical, environmental and 
economic aspects for the proposed solar assisted cooling systems. Since the solar 
energy integrated HVAC system configurations and constructions are complicated, a 
sensitivity analysis of some design parameters for the key system components will also 
be conducted. Therefore, the main research questions can be identified as following: 
 Are the solar assisted cooling systems technically feasible for Australian 
commercial buildings? 
 How much energy can they save compared with the conventional vapour 
compression cooling system? 
 How much of a reduction in CO2 emissions can be achieved by replacing 
the conventional vapour compression cooling system with the solar assisted 
cooling system? 
 How do the design parameters influence the system performance in relation 
to the SF, COP and energy consumption?  
 Are they economically applicable? 
1.3 RESEARCH OBJECTIVES 
The purpose of this research project is to provide a benchmarking for the system 
performance of solar energy integrated air conditioning for a typical commercial 
building under different Australian climates. Specifically, this research program 
compares the system performance of different solar assisted HVAC systems with a 
referenced conventional vapour compression HVAC system, in terms of the technical, 
environmental and economic aspects, for a typical office building in all eight 
Australian capital cities, namely, Adelaide, Brisbane, Canberra, Darwin, Hobart, 
Melbourne, Perth and Sydney. The investigation aims at finding out whether the solar 
assisted air conditioning systems are technically, environmentally and economically 
applicable for Australia.  
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Therefore, to answer the research problems outlined in Section 1.2 above, the 
corresponding research objectives are demonstrated as follows: 
 To find out the SF and system COP of each proposed advanced solar assisted 
cooling system for evaluating the technical feasibility.  
 To identify the energy savings potential for each system. 
 To calculate the annual CO2 emissions reduction of each system alternative. 
 To investigate the impacts of different design parameters for the system 
performance. 
 To assess the system economic feasibility using different indicators such as 
payback period (PBP), life cycle cost (LCC) and net present value (NPV). 
1.4 RESEARCH SIGNIFICANCE AND SCOPE 
Australia is facing the challenge of high peak electricity demand due to large 
residential and commercial air conditioning penetration in summer. Developing 
innovative HVAC technology towards sustainability is vitally important for Australia 
to decrease national electricity energy consumption and GHG emission. The 
contributions of this research are: 
 Develop advanced solar assisted air conditioning systems to reduce energy 
consumption and GHG emission for Australian commercial buildings. 
 Computer modelling for the energy performance of solar assisted cooling 
systems and the base case conventional vapour compression cooling system 
for each Australian capital city. 
 Economic assessment of the proposed solar cooling applications for 
Australia. 
In this research project, three different types of solar assisted air conditioning 
systems have been investigated, which are: the basic solar desiccant-evaporative 
cooling (SDEC), solar hybrid desiccant-compression cooling (SDCC), and solar 
absorption cooling (SAC). Three different configurations of solar collector subsystem 
have also been conducted, which include: the solar thermal collector (ST), solar 
photovoltaic panel (PV), and photovoltaic-thermal collector (PVT). The technical, 
environmental and economic performances of the proposed solar assisted cooling 
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systems have been analysed and compared with a referenced conventional vapour 
compression variable-air-volume (VAV) system. A PV integrated VAV system has 
also been involved for the purpose of comparison. This research will significantly 
contribute to finding solutions so Australia can combat climate change by reducing 
energy consumptions and GHG emissions from the commercial building sector. 
1.5 THESIS OUTLINE 
This thesis is organised into seven chapters. Following the general introduction 
in Chapter 1, the literature review is presented in Chapter 2, covering the topics of the 
historical background of energy usage in buildings and HVAC systems, Australian 
solar energy resources, solar air conditioning technology, computer modelling 
applications for building performance simulation, and an overview of the building 
simulation software EnergyPlus.  
It is then followed in Chapter 3 by a discussion of the research design, which 
includes the specific methodology adopted in this research, the archetypical building 
model development, and the performance indicators.  
Chapter 4 describes the system development of the studied solar assisted cooling 
systems and the referenced conventional VAV system, including the VAV system, 
VAV-PV system, SDEC system, SDCC system and SAC system. This chapter 
introduces the system configuration, system diagram, major components modelling 
and key simulation parameters, as well as the building model and system validation.  
In Chapter 5, the simulation results are discussed in detail according to the 
performance indicators. This is then followed in Chapter 6 by the sensitivity analysis, 
which includes storage tank volume, solar collector area, backup heater capacity, and 
outdoor air humidity ratio control setpoint.  
Finally, Chapter 7 gives a brief conclusion to this research study as well as 
recommendations for future work. 
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Chapter 2: Literature Review 
The literature review section is divided into six parts. This chapter begins with a 
historical background (Section 2.1) about the energy consumption of buildings around 
the world. This is then followed by an overview of solar energy resources in Australia 
(Section 2.2). In Section 2.3, state-of-the-art solar air conditioning technology has been 
introduced. In Section 2.4, the application of computer simulation programs for 
building performance modelling has been discussed. This is then followed by an 
overview of the building energy simulation program EnergyPlus in Section 2.5. 
Finally, a brief summary and discussion of the implications from the literature review 
for the research study has been presented. 
2.1 HISTORICAL BACKGROUND 
Buildings contribute to a large proportion of energy consumption and GHG 
emissions during construction and operation globally. Research shows that in Europe, 
buildings account for 38.7% of the total energy consumption, among which 26% is for 
residential buildings and 13% for commercial architectures (Boyano, Hernandez & 
Wolf, 2013). In China, 25-30% of the total national primary energy is depleted by civil 
and industrial buildings (Zhu & Chen, 2012). While in America, buildings represent 
40% of the total national energy consumption and two thirds is consumed by 
commercial buildings (Schipper et al., 1992). A similar situation occurs in Australia, 
where the building industry consumes 40% of the nation’s total produced electricity, 
within which 61% is depleted by commercial buildings (Baniyounes et al., 2013b, p. 
784). In addition, the building sector is responsible for about 27% of Australia’s GHG 
emissions (Baniyounes et al., 2013b, p. 784) and 8-10% is contributed by commercial 
buildings (Daly et al., 2014a, p. 382). Figure 2.1 (pitt&sharry, 2012) and Figure 2.2 
(Baniyounes et al., 2013b, p. 785) below demonstrate the total energy consumption 
and GHG emissions by different building types of commercial buildings respectively. 
It is apparent that office buildings account for 25% of energy consumption and 20% 
of GHG emissions respectively within Australian commercial buildings, which makes 
them the second largest consumer just after retails.  
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Figure 2.1. Total energy consumption by building type (PJ, % shares) (pitt&sharry, 2012) 
 
Figure 2.2. GHG emissions by building type (Baniyounes et al., 2013b) 
It is also pointed out by Baniyounes et al. (2013b, p. 782) that the largest building 
energy consumption in Australia is from the HVAC systems, which possess 68%, 
followed by lighting at 19% and others at 13%. Commercial HVAC systems are 
responsible for 30% of total commercial building energy demand and residential 
HVAC systems account for 38% of total energy consumption by the residential sector. 
Several recent projects have shown there is a significant potential to reduce 
Australia’s building energy consumption and GHG emissions by improving HVAC 
technologies in buildings. It has been reported by Daly et al. (2014b) that 
approximately 30% primary energy and 21.6 Mt CO2 emissions can be saved by 
implementing advanced HVAC technologies for commercial buildings such as VAV, 
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fan coil, mixed air conditioning systems and other advanced air conditioning systems 
studied in ‘Low Energy High Rise Building Research Study’ (National Project 
Consultants & Exergy Australia, 2009). This will significantly assist in meeting the 
Australian Government CO2 emission reduction targets of 5% and 80% on 2000 levels 
by 2020 and 2050 (Byrnes et al., 2013).  
2.2 SOLAR ENERGY IN AUSTRALIA 
Australia has a rich solar energy resource with the highest average solar radiation 
per square metre in the world (Geoscience Australia & ABARE, 2010). The average 
annual solar radiation gathered in Australia is approximately 58 million petajoules 
(PJ), which is nearly 10,000 times the nation’s annual energy consumption (Bahadory 
& Nwaoha, 2013). Figure 2.3 below shows the annual average solar radiation in 
Australia.  
 
Figure 2.3. Annual average solar radiation in Australia (Geoscience Australia & ABARE, 2010) 
There are mainly three methods to harness solar energy from the sun: active solar 
heating, passive solar heating, and solar engines for electricity generation (Bahadory 
& Nwaoha, 2013). Active solar heating technology converts solar energy into useful 
heat in an active way by using solar collectors (Chwieduk, 2014), which are normally 
used for domestic water heating, space heating and cooling. These are prevalent across 
Australia due to the merits of low running cost and government subsidies (Bahadory 
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& Nwaoha, 2013). Passive solar heating technology is more about improving the 
passive efficiency of buildings, such as optimising the building design in terms of 
building envelope, building systems and building orientation (Chwieduk, 2014). In 
relation to electricity generation, solar thermal and solar photovoltaics are the 
technologies generally used for electricity production (Bahadory & Nwaoha, 2013).  
Although Australia has an abundant available solar energy resource, the solar 
energy utilisation in Australia is still on a small scale. It is estimated that solar energy 
only accounts for 0.1% of Australia’s total primary energy consumption in 2007-2008 
(Geoscience Australia & ABARE, 2010) and 2.4% of all renewable energy use 
(Bahadory & Nwaoha, 2013). However, solar energy has become increasingly popular 
in Australia for both electricity production and direct-use applications in the last 
several decades. According to Baniyounes et al. (2013b), there were 704,459 solar hot 
water systems installed around Australia in 2011, as well as many other low-
temperature solar thermal applications such as solar ponds, solar air heating and solar 
air conditioning. It is also predicted that by 2030, solar electricity generation in 
Australia will increase from 0.1 TWh in 2007 to 4 TWh (Geoscience Australia & 
ABARE, 2010). It is believed that with the development of solar collectors and thermal 
storage technologies, as well as government financial support, the cost of solar energy 
will reduce significantly and thus, solar energy will become more advantageous in the 
future. 
2.3 SOLAR AIR CONDITIONING TECHNOLOGY REVIEW 
Solar air conditioning is widely considered as a promising and attractive 
alternative for conventional air conditioning because of its environmentally friendly 
and energy efficient advantages. Solar cooling is a technology which converts solar 
energy into useful cooling or air conditioning for buildings. Nowadays, solar cooling 
applications have globally penetrated the world market in the USA, Europe, Japan, and 
China (Mugnier, 2010) and about 1000 solar cooling systems have been installed 
worldwide in recent years (Eicker, 2014). In Australia, there are also 12 solar cooling 
systems installed across the country at present, including nine completed projects and 
three planned projects (Osborne, 2013), most of which are using parabolic trough 
collectors. Figure 2.4 below demonstrates the specifications of each solar cooling 
system installed in Australia (Osborne, 2013). 
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Figure 2.4. Solar cooling systems installed in Australia with details of capacity, field size, collector 
type, operational period, application, type of system (Osborne, 2013) TYPE: 2E=double effect, 
1E=single effect, AD=Adsorption, AB=Absorption, DEC=desiccant evaporative cooling 
According to Henning (2007, p. 1735), solar air-conditioning technology can be 
divided into two broad groups: solar thermal cooling and solar electric cooling. Solar 
thermal cooling uses solar thermal collectors to provide heat to drive a cooling process, 
which usually combines with thermally driven absorption or adsorption chillers. Solar 
electric cooling uses photovoltaics to generate electricity to drive classical motor 
driven vapour compression chillers. A schematic figure about the classification of solar 
cooling technology is shown below (Henning, 2007, p. 1735): 
 
Figure 2.5. Overview on physical ways to convert solar radiation into cooling or air-conditioning 
(Henning, 2007) Processes marked in dark grey: market available technologies which are used for 
solar assisted air-conditioning. Processes marked in light grey: technologies in status of pilot projects 
or system testing 
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It should be noted that the solar electric cooling technology is not commonly 
used for building space cooling applications, as in most industrialised nations which 
have a well-developed electricity grid, the maximum use of photovoltaics is 
accomplished by feeding the generated electricity into the public municipal electricity 
grid. This is even more economically reasonable because currently the electricity price 
produced by solar energy is higher than that of electricity from conventional energy 
resources (Henning, 2007, p. 1735). In addition, the high cost of PV cells and low 
energy conversion efficiency make solar electric cooling technology less popular than 
the solar thermal cooling technology (Baniyounes et al., 2013b, p. 795). 
Baniyounes et al. (2013b, p. 794) also found out that solar absorption cooling 
systems are the most adopted solar cooling technology in the global market, which 
account for 70% of total installed solar cooling systems. This is followed by solid solar 
desiccant cooling systems at 14%, solar adsorption cooling systems at 13%, liquid 
solar desiccant cooling systems at 2%, and others at 1%, which makes up the total 
market share percentage as is shown in Figure 2.6 below. 
 
Figure 2.6. Solar cooling technologies by categories 
2.3.1 Solar Electric Cooling 
Solar electric cooling technology is the simplest way to utilise solar energy for 
driving a cooling process (Chwieduk, 2014, p. 339). It simply connects a conventional 
vapour compression chiller to a PV power supply system. The chiller can be either 
direct current (DC) driven or alternating current (AC) driven. A DC driven chiller 
system is simple but requires a battery, leading to the limitation of the system size and 
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rating. Thus, it’s mainly used in small scale applications, for example, in portable 
devices for storing medicines or food in tropical areas. If the vapour compression 
chiller is an AC driven design, then an inverter is required to convert the PV produced 
DC electricity into AC electricity. An AC-driven chiller may also be connected to the 
electricity grid to supply power during periods when solar radiation is not enough. A 
schematic of a vapour compression chiller driven by solar PV is shown in Figure 2.7 
below (VisionBM, 2015).  
 
Figure 2.7. Schematic of a PV-driven vapour compression cooling process (VisionBM, 2015) 
This type of solar cooling technology is usually suitable for residential and small 
scale commercial building applications whose cooling requirements are less than 5 
kWh (Baniyounes et al., 2013b, p. 795). This is mainly due to the advantage of the 
simplicity of the cooling system installation.  
Currently there are a number of research studies relating to the solar electric 
cooling technology. Kotak et al. (2014) investigated the impacts of roof-mounted PV 
modules on the building cooling load under five different Indian climates. They 
concluded that by installing PV system on the roof, the energy required for roof-
induced cooling loads could decrease between 73% and 90%, and the annual produced 
PV electricity could be at least 11.9 MWh from a 90 m2 roof-top.  
Fong et al. (2012) used TRNSYS to compare the performance of two types of 
solar cooling systems, namely the flat plate solar thermal collectors with absorption 
refrigeration and the PV panels with DC-driven vapour compression refrigeration in 
Hong Kong condition. Both systems have two installation configurations, which are 
building-integrated and roof-mounted. They found that for both systems, the building-
integrated installation has a lower solar fraction, and consequently, consumes more 
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primary energy than the roof-mounted installation style despite reduced zone cooling 
loads. In addition, the PV cooling system has a higher solar fraction and lower primary 
energy consumption than the flat plate solar thermal absorption cooling system for 
both two installation cases.  
Hartmann et al. (2011) also compared the solar thermal cooling and solar electric 
cooling for a small office in two European climates (Freiburg and Madrid) using 
TRNSYS. They indicated that from economic and energy efficient respects, the grid-
connected solar PV cooling system outperforms the solar thermal system at both 
locations. Similarly, Beccali et al. (2014) conducted a life cycle performance 
assessment between a small solar thermal absorption cooling system and a grid-
coupled solar PV vapour compression cooling system. The study results showed that 
the grid-coupled solar PV cooling system performed the best because it had the lowest 
global energy requirement, global warming potential, and payback period. 
2.3.2 Solar Thermal Cooling 
Solar thermal cooling technology utilises solar thermal collectors to collect solar 
heat and converts it into useful cooling by a thermally-driven cooling process. Hwang 
et al. (2008) further classifies solar thermal cooling technology into three categories: 
thermo-mechanical cooling process, closed cycle cooling process, and open cycle 
cooling process.  
Solar thermo-mechanical cooling 
In the solar thermo-mechanical cooling process, the solar thermal collectors 
convert the solar radiation into solar thermal energy, then the solar thermal heat is 
directed into a heat engine to produce mechanical work to drive a vapour compression 
refrigeration cycle (Baniyounes et al., 2013b, p. 795). This type of cooling technology 
is mostly used in the areas with big cooling demands and thus is suitable for large air 
conditioning applications. Currently the most popular market available solar thermos-
mechanical cooling technology are Rankine cycle cooling systems and steam ejector 
cooling systems.  
Rankine cycle cooling process. The Rankine cycle is the basic thermodynamic 
foundation of the steam engine, which combines the Rankine power cycle with a 
conventional vapour compression cooling cycle (Baniyounes et al., 2013b). It utilises 
a heat engine to provide mechanical work converted from the solar thermal collectors 
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for the vapour compression chiller to produce a refrigeration effect. Figure 2.8 
demonstrates the working principle of a Rankine cycle solar cooling process (Fong et 
al., 2010a).  
 
Figure 2.8. Schematic of solar Rankine cycle cooling system (Fong et al., 2010a) 
The main advantage of Rankine cycle solar cooling system is that it has a high 
system COP which could be the same as a vapour compression cycle and it can be 
further improved by using high efficiency solar collectors (Baniyounes et al., 2013b, 
pp. 795-796). However, its power generation efficiency is low and it has 
environmental issues with the working fluids.  
Over the past several years there were a number of research activities concerning 
Rankine solar cooling cycles. Hu et al. (2014) developed a thermodynamic analysis 
for the system performance of a solar driven organic Rankine-vapour compression ice 
maker. Zandian and Ashjaee (2013) combined a hybrid cooling tower and a solar 
chimney design to improve the thermal efficiency of a steam Rankine cycle. Li and 
Zhang (2013) carried out a transcritical CO2 heat pump system driven by a solar-
powered CO2 Rankine cycle for heating and cooling applications. Wang et al. (2011) 
investigated the performance of a combined organic Rankine cycle and vapour 
compression cycle for heat activated cooling. And Grosu et al. (2015) conducted an 
exergy analysis of a combined solar organic Rankine cycle and absorption cooling 
system for an academic building.  
Steam ejector cooling process. The steam ejector solar cooling system is similar 
to the conventional vapour compression cooling system. The only difference is that 
the steam ejector cooling cycle uses a thermally driven ejector that operates in a heat 
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pump refrigeration cycle to take the place of the electrical compressor in order to 
compress the refrigerant without using any moving parts (AIRAH, 2015, para. 4). The 
schematic diagram of a steam ejector solar cooling system is illustrated in Figure 2.9 
below (Hwang et al., 2008, p. 520).  
 
Figure 2.9. Steam ejector solar cooling system (Hwang et al., 2008) 
Ejector based solar cooling systems are characterised by their simplicity and 
reliability, low operating and installation cost, freedom choice of refrigerant, and their 
ability to produce cooling from renewable energy resources. (ANU, 2015, para. 9 & 
18). However, the main drawback of steam ejector solar cooling system is the low 
system COP, which is usually under 0.4 (Baniyounes et al., 2013b, p. 796). 
Recently there has been much research concerning solar ejector cooling 
technology. Huang et al. (1998) evaluated the performance of a single stage solar 
ejector cooling system using R141b. Alexis and Karayiannis (2004) analysed the 
performance of a solar driven ejector cooling system using R134a as working fluid in 
the Athens area. Ersoy et al. (2007) conducted the performance evaluation of a solar-
powered ejector cooling system using evacuated-tube collectors and R123 working 
fluid for Turkish climates. Varga et al. (2009) carried out the theoretical analysis of a 
solar-assisted ejector cooling system using water as working fluid for small scale air 
conditioning application in Mediterranean countries. Huang et al. (2001) also 
compared the system performance of a solar ejector cooling system using three 
different solar collectors. And Tashtoush et al. (2015) conducted a dynamic simulation 
of a solar ejector cooling system with R134a as a refrigerant using TRNSYS-EES 
software for the Jordanian climate.  
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Closed cycle cooling  
Closed cycle cooling systems usually use thermally driven chillers to produce 
chilled water for air handling units. It is widely used in commercial buildings for 
providing cooled air. Market available closed cycle cooling chillers include absorption 
chillers and adsorption chillers (Baniyounes et al., 2013b, p. 797). Absorption chillers 
use a liquid absorbent to achieve a refrigerating effect and adsorption chillers use a 
solid adsorbent to achieve refrigeration (AIRAH, 2015, para. 4). 
Absorption cycle solar cooling system. An absorption cycle solar cooling system 
has enormous potential to decrease building energy consumption and GHG emission. 
It is a mature technology that has been widely applied in both newly constructed and 
existing buildings (Baniyounes et al., 2013b, p. 797). An absorption cooling cycle is 
similar to the conventional vapour compression cooling cycle, while the mechanical 
compressor used in the vapour compression cycle is replaced by a thermal compressor 
which consists of an absorber, a condenser, a generator, an evaporator, a solution pump 
and a circulating valve (Hwang et al., 2008, p. 513).  
The working principle of absorption cooling is that the refrigerant first 
evaporates in the evaporator in a low partial pressure environment, extracting heat 
from its surroundings and thus cools down the chilled water. Then the refrigerant 
vapour is drawn into the absorber by the liquid absorbent, causing the reduction of its 
partial pressure in the evaporator and allowing continuous evaporating of the liquid 
refrigerant. Then the diluted mixture of liquid refrigerant and absorbent is pumped to 
the generator where the mixture liquid is heated by solar energy and the backup heater, 
causing the liquid refrigerant to evaporate. After that, the high-pressure refrigerant gas 
condenses in the condenser into high-pressure refrigerant liquid and then passes back 
to the evaporator through an expansion valve to refill the supply of liquid refrigerant 
for evaporation (Baniyounes et al., 2013c, p. 422). A schematic of solar absorption 
cooling cycle is shown in Figure 2.10 below (Hwang et al., 2008, p. 514).  
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Figure 2.10. Schematic of a solar absorption cooling cycle (Hwang et al., 2008) 
Currently there are two well-known working fluid pairs used within absorption 
chillers, which are the LiBr/H2O pair and H2O/NH3 pair. The former uses LiBr (lithium 
bromide) as the absorbent and water as the refrigerant; while the latter uses water as 
the absorbent and NH3 (ammonia) as the refrigerant. Chillers using an LiBr/H2O pair 
normally produce 5 to 8oC chilled water, while chillers using a H2O/NH3 pair are 
usually used for special industrial refrigeration applications requiring a chilled water 
temperature below 5oC (Baniyounes et al., 2013b, p. 797). Both working fluid pairs 
have their pros and cons which are summarised by Baniyounes et al. (2013b, p. 797) 
in Table 2.1 below.  
Table 2.1 
Absorption Chillers Working Pairs’ Characteristics 
Working pair Advantages Disadvantages 
LiBr/H2O High COP of 1.2 at maximum, low 
operation pressure, non-toxic. 
Corrosive, need a vacuum, 
crystallisation possibility. 
H2O/NH3 Evaporate below 0oC, inexpensive. Toxic, high working pressure, need 
rectification. 
 
Based on the types of absorption chillers and solar collectors used, there are 
mainly three kinds of solar absorption cooling technologies available in the market: 
single-effect absorption cooling systems, double-effect absorption cooling systems, 
and triple-effect absorption cooling systems. Single-effect solar absorption cooling 
systems are the most widely used technology for the merits of relatively high 
efficiency, low cost and low temperature requirements for heat source. Multi-effect 
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solar absorption cooling systems are more efficient than single-effect absorption 
cooling systems but require a considerably higher temperature heat source (Hwang et 
al., 2008, p. 514). The performances of different solar absorption cooling systems are 
summarised in Table 2.2 based on Baniyounes et al. (2013b, p. 797) and Hwang et al. 
(2008, pp. 513-514). 
Table 2.2 
Typical Performance of Solar Absorption Cooling Cycles 
Type COP Heat Source (oC) Type of Solar Collectors 
Single-effect 0.3-0.8 80-120 Flat plate, evacuated tubes. 
Double-effect 1.0-1.3 120-180 Evacuated tubes, parabolic concentrator. 
Triple-effect 1.7 220 High efficiency evacuated tubes, optical 
concentration with tracking. 
 
In several recent decades there has been increasing interest in developing solar 
absorption cooling technologies. Li and Sumathy (2000) reviewed the past efforts on 
solar absorption cooling systems with a LiBr-H2O working pair and conducted a 
simulation study about improving the system COP by partitioning the single storage 
tank into two parts (Li & Sumathy, 2001).  
Assilzadeh et al. (2005) conducted the optimisation and economic study of a 
LiBr-H2O absorption cooling system with evacuated tube collectors in Malaysia using 
TRNSYS. They found that the optimum design for a 3.5 kW system for a Malaysian 
climate consists of a 0.8 m3 hot water storage tank and 35 m2 evacuated tube collectors 
sloped at 20o.  
Eicker and Pietruschka (2009) conducted the performance analysis of a solar 
powered absorption cooling system for office buildings in European climates. 
Tsoutsos et al. (2010) assessed the technical and economic performance of a LiBr-H2O 
absorption solar cooling system for a hospital in Greece using TRNSYS. Mateus and 
Oliveira (2009) also evaluated the energy and economic assessment of a solar 
absorption cooling system for residential, office and hotel applications in Berlin, 
Lisbon and Rome.  
El May et al. (2009) presented the feasibility of a single-effect air-cooled LiBr-
H2O absorption solar air conditioning system in hot arid regions. They found that a 
system COP of 0.66 would be achieved for a 10 kW chiller with the evaporation 
temperature at 11oC and the generator inlet temperature at 90oC if the cooling medium 
temperature is 35oC. Baniyounes et al. (2013a) used TRNSYS software to carry out a 
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feasibility study of solar absorption cooling for an office building under three 
subtropical climates in Australia. They indicated that by implementing 50 m2 solar 
collectors and 1.8 m3 hot water storage tank, 80% primary energy can be saved 
compared with a conventional vapour compression cooling system with a COP of 2.5.  
Adsorption cycle solar cooling system. Adsorption cycle cooling systems use a 
solid agent (the adsorbent) to adsorb the moisture from the air and then use evaporation 
to produce refrigerating effect (Zhai et al., 2008, p. 299). Market available adsorption 
chillers only use water/silica gel working pairs: water as refrigerant and silica gel as 
absorbent (Al-Zubaydi, 2011, p. 28). A typical adsorption chiller is shown in Figure 
2.11 below, which is comprised of two sorption chambers (an adsorber and a desorber), 
an evaporator and a condenser (Hwang et al., 2008, p. 516).   
 
Figure 2.11. Schematic of an adsorption chiller (Hwang et al., 2008) 
The adsorption cycle begins in the evaporator where the water refrigerant is 
vaporised under low temperature and in a low pressure environment to cool an external 
water circuit, resulting in chilled water. Then the water vapour is adsorbed by the silica 
gel adsorbent in the sorption chamber (the adsorber). In the other sorption chamber 
(the desorber), the water vapour is released by regenerating the solid absorbent using 
hot water generated from a solar heat resource. Then the refrigerant vapour is liquefied 
in the condenser by the cooling water supplied from a cooling tower. Lastly, the 
condensed liquid refrigerant is sprayed back to the evaporator through a throttling 
valve to complete the cycle (Baniyounes et al., 2013b, p. 798). The operation of the 
two chambers can be reversed if the cooling capacity is decreased beyond a certain 
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limit due to the saturation of the adsorbent (Al-Zubaydi, 2011, p. 29). This could be 
achieved by alternating the direction of the heating and cooling water and the opening 
of the throttling valve (Hwang et al., 2008, p. 517).  
Currently the cooling capacity of market available adsorption chillers ranges 
from 50 to 500 kW (Al-Zubaydi, 2011, p. 29) with the COP between 0.3 and 0.7 based 
on the driving temperature of 60oC to 95oC (Hwang et al., 2008, p. 517). The 
adsorption cooling technology is attractive since it typically requires lower driving 
temperature than the absorption cooling cycle. In addition, it can operate without any 
moving parts and can be built in smaller scale for industrial air conditioning, process 
cooling, and commercial building applications (Baniyounes et al., 2013b, p. 798). 
Furthermore, the corrosion problem, which normally appears in an absorption cooling 
system, is not relevant in adsorption cooling cycles (Zhai et al., 2008, p. 299). 
However, the disadvantages regarding to adsorption chillers are their low COP, high 
weight and high installation cost (Baniyounes et al., 2013b, p. 798). 
Recently there were several research papers on the application of solar 
adsorption cooling technology. Zhai et al. (2008) conducted the design and 
optimisation study of a solar-powered adsorption cooling system for an institutional 
building in Shanghai. Zhai and Wang (2009) also introduced the solar absorption 
cooling technology and solar adsorption cooling technology in China. They concluded 
that solar absorption cooling is more suitable for large building air conditioning 
systems and solar adsorption cooling technology is more promising for small scale 
cooling applications.  
Hassan et al. (2011) investigated the theoretical simulation of a tubular solar 
adsorption cooling system using AC++ program. They found that the solar COP and 
the specific cooling power of the system could be 0.211 and 2.326 respectively. Lu et 
al. (2013) conducted the study of a novel solar adsorption cooling system and a solar 
absorption cooling system using Compound Parabolic Concentrator (CPC) solar 
collectors. They concluded that the adsorption chiller can be powered by 55oC of hot 
water and the average system COP is 0.16.  
El-Sharkawy et al. (2014) also presented a feasibility evaluation of a solar 
powered silica gel/water adsorption cooling system for Middle Eastern climates. In 
Australia however, the only known installed solar adsorption cooling system is the 
milk factory coffee shop air conditioning system at Wyong, NSW (Al-Zubaydi, 2011, 
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p. 30). The system cooling capacity is 10 kW equipped with 34.8 m2 evacuated tube 
collector, 1500 L hot water storage tank and 500 L chilled water storage tank.  
Open cycle cooling 
Open cycle cooling systems commonly refer to the desiccant cooling system 
which utilises water as refrigerant in direct contact with ambient air. Unlike the closed 
cycle cooling process which produces chilled water, the open cycle cooling process 
produces a directly dehumidified and cooled fresh air (Henning, Motta, & Mugnier, 
2013, p. 117). After dehumidification, the outside air is sufficiently dry to enable an 
evaporative cooling process. During this stage, the processed air is further cooled and 
is then supplied directly to the conditioned space (AIRAH, 2015, para. 4). Based on 
the desiccant materials, desiccant cooling can be divided into two groups: liquid 
desiccant cooling and solid desiccant cooling. 
Liquid desiccant solar cooling systems. Liquid desiccant solar cooling systems 
use a liquid desiccant material to control the moisture content of the conditioned air. 
A schematic of the liquid desiccant solar cooling system is illustrated in Figure 2.12 
below (Al-Zubaydi, 2011, p. 33). The working principle of the liquid desiccant solar 
cooling system is that the desiccant solution circulates between the dehumidifier and 
the regenerator. The strong solution is sprayed over the cooling coil in the reverse 
direction from the ambient air stream, absorbing the moisture from the air, making it 
dry and cool for further cooling. The weak solution is then pumped into the regenerator 
and sprayed over a heating coil against an ambient air stream to reject the water and 
regenerate the desiccant solution. The heat required for regeneration can be as low as 
40oC to 80oC and can be supplied from solar thermal collectors (Buker & Riffat, 2015).  
 
Figure 2.12. Schematic of a liquid desiccant solar cooling system (Al-Zubaydi, 2011) 
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Liquid desiccant materials are characterised as odourless, non-toxic, non-
flammable and inexpensive. Currently the most used liquid desiccant materials 
include: Lithium Chloride, Lithium Bromide and Triethylene Glycol (Baniyounes et 
al., 2013b, p. 799). The main advantages of liquid desiccant cooling are: 
 The liquid desiccant equipment has a low pressure drop, resulting in low 
regeneration temperature.  
 When using with liquid-liquid heat exchanger, the heat transfer efficiency 
is high. 
 They are available in small and compact units due to the ability to pump the 
liquid. 
However, the disadvantages of liquid desiccant cooling include: 
 High pressure drop of the process air flowing through highly flooded liquid 
desiccant beds leads to increased fan power. 
 A separate heat exchanger is needed to cool down the desiccant materials in 
liquid desiccant machines. 
 The droplets in the process air and the corrosion of liquid desiccant materials 
may damage the equipment.  
Liquid desiccant solar cooling technology has been widely conducted by many 
researchers recently. Li and Yang (2008) as well as Li, Lu, and Yang (2010) evaluated 
the energy and economic performance of a solar liquid desiccant air conditioning 
system in Hong Kong using EnergyPlus. They concluded that by hybridising the solar 
liquid desiccant dehumidifier with the conventional vapour compression air 
conditioning system, the annual energy savings could achieve 25%-50% and the 
payback period was around seven years.  
Abdel-Salam, Ge and Simonson (2014) conducted a thermo-economic 
performance analysis of a solar membrane liquid desiccant cooling system using 
TRNSYS. They compared eight different system configurations: four heating systems, 
which are (1) natural gas boiler, (2) electrical heat pump, (3) solar thermal system with 
natural gas boiler as backup, (4) solar thermal system with electrical heat pump as 
backup; and two air systems, with and without energy recovery ventilator (ERV). They 
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concluded that using solar thermal system with natural gas boiler backup and without 
ERV has the best energy, economic and environmental performance.  
Alizadeh (2008) conducted a feasibility study of a solar liquid desiccant air-
conditioner (LDAC) for a commercial building in the conditions for Queensland, 
Australia. He found that by using LDAC, the operating costs could be decreased 
significantly compared with the equivalent gas-fired conventional system, and the 
payback period is only five years. 
Solid desiccant solar cooling systems. Solid desiccant solar cooling systems use 
a solid desiccant material to control the moisture content of the process air. Solid 
desiccant cooling technology is considered an environmentally friendly alternative to 
the conventional HVAC system, as the solid desiccant materials are non-corrosive, 
non-toxic, non-flammable and non-pollutive (Baniyounes et al., 2013b, p. 799). The 
commonly used market available solid desiccant material is silica gel.  
Generally, a solid desiccant cooling system is comprised of a desiccant wheel, a 
sensible air-air heat exchanger, a regeneration heating coil, and a cooling unit, such as 
an evaporative cooler or a cold coil. The most well-known advantages of using solid 
desiccant cooling systems are:  
 Solid desiccant cooling systems have a higher dehumidifying capacity than 
liquid desiccant cooling systems. 
 Solid desiccant materials have broad regeneration temperature ranges. 
 The motor electricity consumption for driving the desiccant wheel is smaller 
than the pump electricity consumption in liquid desiccant systems, as the 
desiccant wheel can operate under low speed rotation. 
 Solid desiccant cooling systems are simple and easy to maintain and retrofit 
within existing building air conditioning systems. 
The drawbacks of solid desiccant cooling systems are: 
 A relatively higher regeneration temperature is usually required (50oC to 
100oC) (Henning et al., 2013).  
 They are not available in small scale units. 
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 The solid desiccant cooling system equipment cost is higher than the liquid 
desiccant machines. 
The details regarding the solid desiccant solar cooling system’s working 
principle and its applications will be discussed in Section 2.3.3.  
2.3.3 Solid Desiccant Solar Cooling Technology Review 
Solid desiccant solar cooling technology has been widely investigated and 
applied in the world over the past several years. It has been found to be economically 
and environmentally friendly, as it is able to improve indoor air quality, while at the 
same time, reducing energy consumption. The basic solid desiccant solar cooling 
system generally combines the desiccant process with evaporative cooling. A typical 
solid solar desiccant evaporative cooling system is mainly comprised of: (1) a solar 
subsystem which consists of the solar collectors, storage tank and backup heater; (2) a 
desiccant subsystem which includes a desiccant wheel, the desiccant material (usually 
silica gel), a regeneration heating coil, and a sensible air-air heat exchanger; and (3) 
the evaporative coolers. The schematic diagram of a typical SDEC system and its 
psychrometric chart are demonstrated in Figure 2.13 below (Dezfouli et al., 2014).  
 
Figure 2.13. Schematic diagram and psychrometric chart of the SDEC system (Dezfouli et al., 2014) 
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The SDEC system treats the sensible load and latent load of the supply air 
separately. The working principle of a solid desiccant solar cooling system is that the 
desiccant material in the desiccant wheel first dries and heats the ambient air, then the 
dehumidified process air is cooled to near ambient temperature through a sensible heat 
exchanger. Then the process air is cooled by the evaporative cooler and is eventually 
sent to the conditioned space. In the regeneration air stream, the return air is cooled by 
a second evaporative cooler in order to increase the heat exchanger’s efficiency. Then 
it will be heated to the regeneration temperature by the regeneration air heater. The 
continuous air dehumidifying process makes the desiccant material saturated and could 
not be used unless regenerated. Thus, solar thermal energy is supplied to the 
regeneration heating coil for regeneration purposes. 
There are a number of research studies relating to solid desiccant solar air 
conditioning technology worldwide. Rachman et al. (2011) analysed the performance 
of a solar assisted desiccant evaporative cooling system with vacuum tube collectors 
in Malaysia. Dezfouli et al. (2014) also analysed and compared four configuration 
modes of the solar desiccant evaporative cooling using TRNSYS in the tropical 
Malaysian climate, which are one-stage ventilation, one-stage recirculation, two-stage 
ventilation, and two-stage recirculation. They found that the two-stage ventilation 
mode solar desiccant cooling system has the best system performance because of the 
highest COP and lower room temperature and humidity ratio among the four 
configurations. 
Fong et al. (2010a, 2010b, 2011a, 2011b) investigated and compared different 
kinds of solar assisted cooling systems for commercial buildings in Hong Kong, 
including solar electric compression cooling, solar mechanical compression cooling, 
solar absorption cooling, solar adsorption cooling, solar solid desiccant cooling, and 
solar hybrid desiccant cooling. They concluded that all the solar hybrid desiccant 
cooling systems (SHDCS) were technically feasible and more energy efficient than the 
conventional air conditioning system. Additionally, the 100% outdoor air SHDCS with 
vapour compression cooling system and the recirculation mode SHDCS with vapour 
absorption cooling system were the recommended alternatives due to both primary 
energy and initial cost savings.  
Li et al. (2012) conducted a case study of a two-stage solar desiccant air 
conditioning system using evacuated tube air collectors in China. They found that the 
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average thermal COP could be 0.97 in cooling and 0.45 in heating. Ge et al. (2010) 
compared the performance of a two-stage solar rotary desiccant cooling system with a 
conventional vapour compression system under Berlin and Shanghai climates. They 
indicated that the solar desiccant evaporative cooling system could meet the cooling 
demand and provide comfortable supply air in both cities with less energy 
consumption, and the payback periods were 4.7 years for Berlin and 7.2 years for 
Shanghai.  
Halliday et al. (2002) discussed a feasibility study of solar desiccant cooling in 
the UK. They concluded that the solar powered desiccant cooling is feasible for use in 
UK climates. Mazzei et al. (2002) studied the solar desiccant HVAC system for a retail 
store in Italy. They implied that the operating savings of the desiccant system could be 
up to 35% over the traditional system, and the payback period was about 5-7 years.  
There are also a variety of solid desiccant solar cooling applications and research 
studies in Australia as well. Baniyounes et al. (2013c) presented a comparison study 
of solid solar desiccant evaporative cooling and solar absorption cooling for an 
institutional building in the central Queensland subtropical climate using TRNSYS. 
They demonstrated that both systems could achieve higher energy savings and COP 
by increasing solar collector areas. However, the solar desiccant evaporative cooling 
system has a higher COP and SF value than the solar absorption cooling system.  
Goldsworthy and White (2011) conducted the optimisation of a solar desiccant 
cooling system with indirect evaporative cooler in Newcastle, Australia. They found 
that for 70oC regeneration temperature, a supply to regeneration flow ratio of 0.67 and 
an indirect evaporative cooler secondary to primary flow ratio of 0.3 gives the best 
system performance with the electric COP above 20.  
White et al. (2009) also assessed the performance of a solar desiccant cooling 
system without thermal backup for an office space in Melbourne, Sydney and Darwin 
using TRNSYS. They concluded that increasing the indirect evaporative effectiveness, 
reducing the desiccant wheel regeneration temperature, and increasing collector areas 
will result in improved performance of the desiccant cooling cycle apparently in 
Melbourne and Sydney, but not evident in Darwin. 
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2.3.4 Summary of Solar Cooling Technology 
Solar cooling is a mature and promising technology for energy efficient building 
applications which has been investigated internationally for decades. The well-
developed solar air conditioning technology around the world offers Australia great 
potential to reduce energy consumption in buildings while at the same time, meeting 
the indoor thermal comfort requirements. Table 2.3 below summarises and criticises 
several research projects on solar assisted air conditioning applications in the world. 
Through the comparison, the solar desiccant cooling system is considered to be 
an attractive substitution to the conventional air conditioning system for the merits of 
low driving temperature, high COP and good indoor air quality characteristics. Solar 
absorption cooling is another popular alternative with a relatively low driving 
temperature and the potential for large energy savings. However, the cost of the solar 
absorption cooling system for its lifespan is relatively high. In addition, the solar 
electric cooling system could achieve high electrical energy savings but at the same 
time has high life cycle cost. 
   Although there are several research papers dealing with solar cooling 
technology in Australia, little research has been conducted on the comparison between 
different solar assisted cooling systems using different collector types in Australia. 
And there is no comprehensive study about the feasibility of different advanced solar 
assisted cooling for all Australian climates from technical, environmental and 
economic aspects. Therefore, this research will lead to the investigation of advanced 
solar assisted cooling technology for all eight Australian capital cities. This research 
will also contribute to the fulfilment of the Australian Government targets of 5% and 
80% CO2 emissions reduction on 2000 levels by 2020 and 2050 (Byrnes et al., 2013). 
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Table 2.3  
Summary and Criticism of Different Solar Assisted Air-conditioning Applications 
HVAC system configurations Advantages Disadvantages 
Solar desiccant with indirect evaporative cooling system 
(Baniyounes et al., 2012 & 2013c) 
can treat sensible and latent load separately, higher 
solar fraction, less driving energy (solar and backup), 
higher COP, low energy cost 
less energy savings achievement, high initial cost 
Solar single-effect absorption cooling system (Baniyounes 
et al., 2012 & 2013a) 
more energy savings achievement, low energy cost, 
fewer gas emissions 
more driving energy (solar and backup), high initial 
cost 
PV vapour-compression cooling (Kohlenbach & Dennis, 
2010) 
lowest GHG emissions, more economic when 
electricity price exceeds $0.55/kWh 
highest lifetime cost 
Solar thermal double-effect absorption cooling 
(Kohlenbach & Dennis, 2010)  
75% emissions reduction, more economic when 
electricity price is below $0.5/kWh 
higher lifetime cost 
Solar hybrid desiccant with absorption using radiant 
cooling (Fong et al., 2011b)  
36.5% primary energy savings compared with 
conventional air conditioning system 
larger supply air flow 
Solar electric compression cooling (Fong et al., 2010a) highest energy saving potential relatively high average room temperature 
Solar electric mechanical refrigeration (Fong et al., 2010a) / 
high driving temperature (82oC), low solar 
fraction, highest year-round primary energy 
consumption, low COP 
Solar absorption refrigeration (Fong et al., 2010a) 
higher energy saving potential, low driving 
temperature (67oC) 
/ 
Solar adsorption refrigeration (Fong et al., 2010a) low driving temperature (64oC) 
slightly higher primary energy consumption than 
conventional system 
Solar solid desiccant cooling (Fong et al., 2010a)  
low driving temperature (60oC), good indoor air 
quality and ventilation effectiveness, high COP 
high year-round primary energy consumption 
SDCSFA-VCRa (Fong et al., 2010b) high COPdec, relatively low energy savings achievement 
SDCSFA-DVCRPVb (Fong et al., 2010b) high COPdec, relatively low energy savings achievement 
SDCSFA-DVCRPVTc (Fong et al., 2010b) high COPdec, relatively low energy savings achievement 
SDCSRA-DVCRPVd (Fong et al., 2010b) high COPch, low primary energy consumption low COPdec, 
SDCSRA-DVCRPVTe (Fong et al., 2010b) high COPch, low primary energy consumption low COPdec, 
SDCSRA-VARf (Fong et al., 2010b)  high solar fraction, low primary energy consumption low COPch, low COPdec, 
Solar hybrid desiccant with vapour compression cooling 
system (Fong et al., 2011a) 
significant energy saving potential, good indoor  
thermal comfort environment 
larger supply air flow rate 
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(Continued) 
Solar liquid desiccant cooling system (Li et al., 2010) short payback period, high energy savings high investment cost 
Two-stage solar desiccant cooling/heating with direct 
evaporative cooler and solar air collector (Li et al., 2012) 
high moisture removal capacity in hot and humid 
climate conditions, higher state of comfort when 
heating with humidification, 
higher fan power consumption, high heat losses in 
solar air collector, high regeneration temperature 
(94oC) 
One-stage solar desiccant-evaporative cooling system in 
ventilation mode (Dezfouli et al., 2014) 
high COP, good indoor air quality 
highest regeneration temperature (122oC), highest 
supply air temperature, lowest solar fraction 
One-stage solar desiccant-evaporative cooling system in 
recirculation mode (Dezfouli et al., 2014) 
moderate solar fraction (0.5) 
high regeneration temperature (96.9oC), lowest 
COP 
Two-stage solar desiccant-evaporative cooling system in 
ventilation mode (Dezfouli et al., 2014) 
highest COP, lowest supply air temperature, low 
regeneration temperature (82.1-80oC), high solar 
fraction, good indoor air quality 
/ 
Two-stage solar desiccant-evaporative cooling system in 
recirculation mode (Dezfouli et al., 2014)  
low supply air temperature, lowest regeneration 
temperature (80-50oC), high COP, highest solar 
fraction 
not 100% fresh air 
Two-stage solar desiccant-evaporative cooling system (Ge 
et al., 2010) 
better supply air quality than vapour compression 
system, less energy consumption, low operating cost, 
short payback period 
high initial cost 
Solar desiccant with indirect-direct evaporative cooling 
system without thermal backup (White et al., 2009) 
high indoor comfort conditions 
large frequency of high zone temperature events 
under tropical climate like Darwin 
Solar desiccant with indirect evaporative cooler system 
(Goldsworthy & White, 2011) 
low energy consumption and GHG emissions large supply air flow rate 
a. Solar desiccant cooling system (SDCS) for full fresh air design, hybridised with conventional vapour compression refrigeration. 
b. SDCS for full fresh air design, hybridised with direct-current (DC)-driven vapour compression refrigeration using PV panels. 
c. SDCS for full fresh air design, hybridised with DC-driven vapour compression refrigeration using PVT panels. 
d. SDCS for return air design, hybridised with DC-driven vapour compression refrigeration using PV panels. 
e. SDCS for return air design, hybridised with DC-driven vapour compression refrigeration using PVT panels. 
f. SDCS for return air design, hybridised with vapour absorption refrigeration.  
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2.4 COMPUTER MODELLING IN BUILDING PERFORMANCE 
SIMULATION 
With the rapid development of computer science, computer-based building 
simulation technology has been widely used in building and HVAC system designs in 
recent years. It is dedicated to predicting the annual energy usage of the building 
systems by calculating the load performances, analysing system operating strategies 
and comparing different alternatives, all aimed at achieving energy consumption 
reduction and system efficiency improvement (Trčka & Hensen, 2010). Therefore, 
computer simulation technology has a significant potential efficiency applications in 
buildings. 
Currently there are as many as 20 different building performance simulation 
programs in use, including IES <VE>, DOE-2, EnergyPlus, HAM, TRNSYS, et al. 
(Crawley et al., 2008). Building performance simulation software could not only help 
designers and engineers to choose the best option during the design stage, but also 
provide building experts accurate solutions for building retrofitting and system 
improvement. Thus, it has been widely used and developed during last several decades.  
There are a number of research papers and projects conducted with the assistance 
of the building performance modelling software. Orosa and Oliveira (2011) employed 
HAM (Heat, Air and Moisture) tools to simulate the indoor environment of old and 
new school buildings. Mathews and Botha (2003) used QUICKcontrol to model the 
impact of cooling coil fouling, chiller degradation and control strategies on the HVAC 
system for an existing building. Bannister et al. (1997) utilised DOE-2.1 to evaluate 
the feasibility of the HVAC system retrofit and optimisation for an existing HVAC 
system. Pan et al. (2004) used EnergyPlus software to simulate the energy 
consumption of a co-generation project for an institutional building. Rahman et al. 
(2010) conducted the energy conservation measures for an institutional building using 
DesignBuilder. Bojić et al. (2011a) investigated the energy, economic and 
environmental assessment of three different HVAC systems for an office building 
using EnergyPlus simulation. Kummert and Bernier (2008) conducted a feasibility 
appraisal of a PV integrated geothermal absorption heat pump system for space cooling 
and domestic hot water heating under Canadian climate using TRNSYS. 
A detailed comparison of the features and capabilities of 20 different computer-
based building performance simulation tools was conducted by Crawley et al. (2008). 
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The comparison areas include: general modelling features; zone loads; building 
envelope, daylighting and solar; infiltration, ventilation, and multi-zone air flow; 
renewable energy systems; electrical systems and equipment; HVAC systems and 
equipment; environmental emissions; economic evaluation; climate data availability; 
results reporting; validation; user interfaces; and link to other programs. According to 
the comparison, EnergyPlus will be selected for this research as it can not only meet 
the project requirement for the modelling of solar assisted air conditioning systems, 
but also it is free for use. EnergyPlus is a whole building energy analysis tool which 
simulates the actual operations of the building and its HVAC system to predict annual 
operating cost and energy consumption (Getting Started with EnergyPlus, 2013). In 
addition, it has an open source code that enables users to edit and create user-defined 
components and configurations. 
2.5 OVERVIEW OF ENERGYPLUS AND ITS APPLICATIONS 
2.5.1 Introduction of EnergyPlus 
Developed by the US Department of Energy (DOE), EnergyPlus is a whole 
building energy simulation program that enables building professionals to simulate 
energy and water usage in buildings. Modelling the performance of a building with 
EnergyPlus can help building specialists to optimise the building design and diminish 
its energy consumption (DOE, 2015a, para. 1). 
EnergyPlus is the next generation building energy simulation and thermal load 
calculation program which models heating, cooling, lighting, ventilation, other energy 
flows and water use. (DOE, 2015a, para. 1). It is developed based on the BLAST and 
DOE-2 programs, gathering their simulation characteristics and equipping them with 
new simulation features (Crawley, et al, 2000). It includes many innovative simulation 
capabilities, such as fully integrating simulation of loads, systems and plant 
calculations in the same time step; adopting modular structure to promote the addition 
of new simulation modules; and utilising simple input and output data formats to 
improve schematic front-end development. Some but not exhaustive key 
characteristics of EnergyPlus are: integrated simultaneous solution; sub-hourly, user-
definable time steps; ASCII text based weather, input and output files; heat balance 
based solution technique; transient heat conduction; combined heat and mass transfer; 
advanced fenestration calculations; daylighting controls; thermal comfort models; 
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loop based configurable HVAC systems; and links to other popular simulation 
environments/components such as WINDOW5, WINDOW6 and Delight (Getting 
Started with EnergyPlus, 2013). 
EnergyPlus has three basic components: Loads module, Systems module and 
Plants module (Getting Started with EnergyPlus, 2013, p. 4). Loads module is used to 
simulate the external building envelope and its interaction on outdoor environment and 
indoor loads. Systems module is deployed for modelling the air distribution 
equipment, fans, coils and other relevant control appliance of the HVAC system. 
Plants module is used to simulate the heating and cooling resources of the HVAC 
systems such as refrigerator, boiler, cooling tower, energy storage equipment, 
generator and pumps (Pan, et al, 2004, pp. 29-30). 
However, although EnergyPlus has a number of advantages and features, it is 
also important to remember its limitations. EnergyPlus is not a graphical user interface 
(GUI) but only a simulation engine. The simulation must rely on the third-party 
graphical user interface to generate input geometric data. This approach allows 
interface designers to do what they do best—produce quality tools specifically targeted 
toward individual markets and concerns (Getting Started with EnergyPlus, 2013). In 
addition, EnergyPlus is currently not a life cycle cost (LCC) analysis tool. It produces 
results that can then be fed into an LCC program. Furthermore, EnergyPlus is not a 
design tool replacement for designers, architects and engineers. It does not check input, 
verify the acceptability or range of various parameters, or attempt to interpret the 
results. Actually, EnergyPlus still operates under the ‘garbage in, garbage out’ 
standard. Engineers and architects will always be a vital part of the design and thermal 
engineering process. 
As mentioned above, EnergyPlus is only a simulation engine and must depend 
on an input data file (IDF) to run simulations. Therefore, it must operate with a 
graphical user interface (GUI). Actually, there are a number of graphical user 
interfaces for EnergyPlus, including DesignBuilder, eQuest, OpenStudio, EFEN, 
AECOsim Energy Simulator, Google SketchUp, Hevacomp Simulator V8i, 
COMFEN, Solar Shoe Box, N++, gEnergy, Simergy, Beopt™ and Sefaira. In this 
project, Google SketchUp and OpenStudio plugin are used for the building model 
construction and IDF files generation.  
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2.5.2 Applications of EnergyPlus in Commercial Buildings 
EnergyPlus is widely used in the simulation of energy performance in 
commercial buildings. Bojić et al. (2011a) evaluated a simulation appraisal of energy 
performance, energy cost and the environmental impact of three different HVAC 
systems for a three-storey office building in Kragujevac, Serbia. The three HVAC 
systems are: (1) a system with a natural gas boiler and convective baseboard heaters 
for water space heating and window air conditioners for air space cooling; (2) a system 
with a natural gas boiler and individual air reheaters for air space heating and a chiller 
plant for air space cooling; (3) an air-to-air heat pump for air space heating and cooling. 
Based on the EnergyPlus simulation results, the authors concluded that the first HVAC 
system configuration has the best system performance from energy, economic and 
environmental aspects. This is because it has water as a heating medium and uses 
predominantly natural gas as a fuel resource. In this study, EnergyPlus plays an 
important role in the simulation analysis of energy consumption, operating costs, and 
pollutant emissions. 
Boyano et al. (2013) used EnergyPlus to propose a methodology to provide new 
data about the energy consumption and energy demand profile of European office 
buildings and explored possible energy saving potentials to reduce energy bills in 
office buildings across Europe. They investigated three aspects of EnergyPlus 
simulation, which are lighting, insulation of the windows and the external walls, and 
the orientation of the building. The simulation results indicated that for energy saving 
potentials in lighting, reducing the equivalent operating time by implementing a 
lighting control strategy can achieve total energy savings of up to 18% for partial 
lighting control, or 36% for total lighting control. For energy saving potentials in 
HVAC, it was recommended that choosing the best orientation and insulation materials 
could result in average energy savings between 3% and 6%. 
Another application of EnergyPlus simulation for commercial buildings was 
conducted by Yu et al. (2013). They investigated an energy consumption analysis of a 
sustainable air-cooled chiller system for an office building under climate change. In 
order to operate the systems with sustainable performance, they applied the optimal 
condenser fan speed control coupled with mist pre-cooling of air entering the 
condenser. Three climate change scenarios of 2020, 2050 and 2080 were developed to 
evaluate the building cooling demand and HVAC system energy consumption. The 
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simulation results revealed that by optimising the condenser fan speed and applying 
mist pre-cooling for the condenser air inlet, a higher system COP can be maintained 
under the warmer future climate, reducing the annual electricity consumption by 
16.96% to 18.58% in the reference weather year and 2080 condition.   
Rahman et al. (2010) evaluated various energy conservation measures (ECMs) 
on HVAC and lighting systems for a four-storey institutional building in subtropical 
(hot and humid climate) in Queensland, Australia using the EnergyPlus and 
DesignBuilder interface. The study firstly assessed the energy consumption profiles of 
the base case scenario for the existing system. Then three different types of feasible 
and practical operational ECMs, namely major investment measures (VAV systems 
against CAV, and low COP chillers against high COP chillers), minor investment 
measures (photo electric dimming control system against general lighting, and double 
glazed low-emittance windows against single-glazed windows), and zero investment 
measures (reset heating and cooling set point temperatures) were discussed. The 
simulation results found that VAV system, high COP chillers, dimming daylighting 
control, and double glazing were more energy efficient. By implementing the above 
mentioned ECMs into the existing system, up to 41.87% energy could be saved 
without compromising the occupants’ thermal comfort.  
Pan, Zuo and Wu (2011) explored the application of EnergyPlus to construct 
models and accurately simulate complex building systems as well as the inter-
relationships among sub-systems such as HVAC, lighting and service hot water 
systems. They took a public building located in Shanghai as an example to detect the 
simulation of the building subsystems and their corresponding control strategies. The 
study was based on three different models, which are the ASHRAE baseline model, 
designed public building model, and the energy efficient model. According to the 
simulation results, it was found that via additional energy conservation methods such 
as improving equipment efficiency and fenestration system shading performance, the 
electricity consumption could save up to 4.1% with the energy efficient model and 
12% with the ASHRAE baseline model. The utilisation of PV system could also 
contribute to a reduction of an annual electricity cost of about 2.1% for the designed 
public building model and 18.1% for the energy efficient model respectively. 
EnergyPlus can also be applied in simulating the air distribution system. Alajmi 
et al. (2013) experimentally and theoretically investigated an existing under-floor air 
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distribution (UFAD) system in an office building in Kuwait using EnergyPlus. They 
compared the UFAD system performance with a conventional ceiling based air 
distribution (CBAD) system through the calculation of cooling load, HVAC electricity 
demand, and fan energy consumption. The influential variables including supply air 
temperature and cooling thermostat setpoint were also assessed. The simulation results 
implied that the UFAD system could operate the most efficiently if setting the cooling 
setpoint at 26oC and supply air temperature at 18oC. It also showed that the energy 
consumption of the UFAD system was lower than the conventional CBAD system by 
37%-39% during July to September and 51% in October.  
2.5.3 Applications of EnergyPlus in Residential Buildings 
 EnergyPlus is also a well-known and widely-accepted building energy analysis 
tool for residential buildings. Bojić et al (2011b) utilised EnergyPlus to investigate the 
energy consumption of three PV integrated residential houses in Kragujevac, Serbia. 
All three houses used electricity to provide space heating, lighting, power to 
appliances, as well as DHW, and were connected to the city electricity grid. The first 
house only produced the exact amount of electricity annually for the heating system. 
The second house would produce annually the exact amount of electricity needed for 
the entire building. The third house produced annually more electricity than the entire 
building needed. EnergyPlus provided the daily energy distribution, monthly 
electricity generation, and yearly energy balance for the three houses. According to the 
simulation results, they concluded that PV system could help to reduce electricity 
consumption dramatically. Connecting these houses into the electricity grid was also 
crucial for savings in electrical energy bills. 
Bojić and Yik (2007) investigated the application of advanced glazing for high-
rise residential buildings in Hong Kong using EnergyPlus simulation. The research 
was intended to unveil the effect of different advanced glazing on the annual cooling 
energy consumption in residential buildings compared with the use of single clear 
glazing. They evaluated five types of glazing, including three types of single pane 
glazing (clear, low-e, and low-e reverse) and two types of double pane glazing 
(clear+clear, and clear+low-e). The simulation results demonstrated that it is possible 
to reduce energy consumption by using advanced glazing on residential buildings. Up 
to 4.2% cooling electricity could be reduced by the use of low-e glazing. In addition, 
the use of low-e reversible glazing, double-clear glazing, and clear plus low-e glazing 
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could save up to 1.9%, 3.7% and 6.6% of annual cooling electricity respectively. The 
analysis also suggested that due to the expensive investment cost and low energy 
savings potential, it was not economically feasible to implement advanced glazing for 
high-rise public housing blocks in Hong Kong. 
Ebrahimpour and Maerefat (2011) in a research paper also evaluated the energy 
saving potential by applying advanced glazing and overhangs to residential buildings 
in Tehran, Iran. First, they investigated the effects of applying overhangs and side fins 
on the single clear pane glazing window and proposed the optimal conditions. Then 
they evaluated the effect of advanced glazing windows with (or without) optimised 
overhangs and side fins. Four types of windows were studied in this research. They 
were single clear pane glazing, double clear pane glazing, single low-E pane glazing, 
and double low-E pane glazing. It was found that appropriate overhangs or side fins in 
the south, west and east windows would lead to the optimal reduction of the annual 
energy transferred into the buildings and can have an energetic behaviour equivalent 
to high performance glazing. 
Another EnergyPlus application for residential buildings was conducted by 
Fang, Winkler, and Christensen (2011). In their research, they investigated the 
dehumidification analysis of three different residential homes, which are: a typical 
mid-1990s reference home, a 2006 International Energy Conservation Code home, and 
a high-performance home in a hot-humid climate. They discussed the impacts of 
various dehumidification equipment and controls on the high-performance home, 
examined the indoor relative humidity excursions, specifically, the number of 
excursions, average excursion length, and maximum excursion length. Space relative 
humidity, thermal comfort and whole-house source energy consumption were also 
analysed for indoor relative humidity set points of 50%, 55% and 60% respectively. 
EnergyPlus modelling results showed that all three homes were prone to mould growth 
from long periods of uncontrolled high humidity. Thermal comfort analysis indicated 
that occupants were unlikely to notice indoor humidity problems. The study confirmed 
that supplemental dehumidification should be provided to maintain space relative 
humidity below 60% in a hot-humid climate. 
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2.6 SUMMARY AND IMPLICATIONS 
This chapter has outlined the current status of building energy consumption and 
GHG emissions in the world. The cutting-edge solar air conditioning application in 
buildings has also been introduced in detail. From the literature review, it can be 
concluded that Australia is facing the challenge of high peak electricity demand 
because of extensive air conditioning penetration. The energy consumption and GHG 
emissions from buildings will grow continuously due to global warming. It is a 
dilemma for Australia to coordinate the increasing demand of indoor thermal comfort 
conditions with serious energy and environmental issues. Therefore, developing 
innovative air conditioning technology with renewable energy resources is 
increasingly important to decrease Australia’s building energy consumption and GHG 
emission.  
However, the abundant solar energy resource on the continent provides Australia 
with a promising solution to tackle this problem. In addition, the development of 
computer technology has created advantageous conditions for assessing the renewable 
energy system in building energy performance. Therefore, based on the building 
energy simulation program, the proposed advanced solar cooling system investigations 
are described in this research.  
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Chapter 3: Research Design 
This chapter describes the design and procedure adopted by this research in 
detail. Section 3.1 discusses the methodology to be used in this study. This is followed 
by a specification of the archetypical building model development in Section 3.2. 
Finally, the performance indicators are introduced in Section 3.3. 
3.1 METHODOLOGY 
The feasibility investigation of the proposed solar assisted cooling systems is 
based on the computer simulation. The technical, environmental and economic 
performances have been evaluated for each proposed solar assisted air conditioning 
system in comparison with a referenced conventional vapour compression VAV 
system. A year round simulation with a series of key performance indicators is used to 
assess the potential of each type of solar assisted cooling system for all eight Australian 
capital cities.  
3.1.1 Simulation Software 
In this research project, three computer tools are used for the building model 
creation and the HVAC system performance simulation. These are EnergyPlus, 
Google SketchUp and OpenStudio plugin. EnergyPlus is the core software for the 
building performance modelling, which is acted as the simulation engine. Google 
SketchUp is a graphical user interface for EnergyPlus to construct the building model 
geometry. And OpenStudio is a plugin for Google SketchUp to convert the building 
model geometry into EnergyPlus input data file. 
3.1.2 Study Locations and Weather Data 
To assess the feasibility of the proposed solar assisted cooling systems for 
Australia-wide applications, a typical representative office building located in all eight 
Australian capital cities, namely Adelaide, Brisbane, Canberra, Darwin, Hobart, 
Melbourne, Perth and Sydney, have been examined. Thus, corresponding weather data 
for each city is required.  
In this research, hourly values of cooling and heating loads are obtained from a 
dynamic simulation for the proposed typical building model under the aforementioned 
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climate locations using EnergyPlus. Therefore, to run the EnergyPlus simulation, an 
Australian Representative Meteorological Year (RMY) climate data file for each city 
is required. The Australian Representative Meteorological Year data is the typical 
weather data developed for the Australian Greenhouse Office for use in complying 
with Building Code of Australia (DOE, 2015b). It contains hourly solar radiation data 
and other hourly and monthly weather elements such as cooling/heating degree days, 
dry bulb temperature, wet bulb temperature, and wind speed, etc. 
The available solar radiation for each city is demonstrated in the following 
figure. It reveals that Darwin has the highest annual total solar radiation due to a stable 
solar radiation during the year. The solar radiation in Darwin in summer is not as high 
as in other cities but it is much higher than others in winter. And in Darwin the solar 
radiation from April to October overall seems higher than that from November to 
December and from January to March. Additionally, Perth has the second largest 
annual total solar radiation, followed by Brisbane, Adelaide, Sydney, Canberra, 
Melbourne and Hobart. 
 
Figure 3.1. Available solar irradiance for each city 
Table 3.1 below summarises the climate indicators for each Australian capital 
city based on AIRAH DA9 (1998). The HDD (heating degree day) and CDD (cooling 
degree day) data are extracted from EnergyPlus weather data file. These are Comfort 
or Non-Critical Process Outdoor Design Conditions. Summer outdoor design 
conditions are calculated by taking the mean of the 3.00 p.m. dry-bulb and wet-bulb 
temperatures which are individually exceeded on 10 days per year and adding a 
standard deviation to the mean to allow for inter annual variability. And winter outdoor 
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design conditions are calculated using the mean of the 8.00 a.m. dry-bulb temperatures 
which is not exceeded on 10 days per year inclusive of allowance of one standard 
deviation. It also indicates that Darwin has the largest CDD, which is followed by 
Brisbane, Perth, Adelaide and Sydney. This reflects that Darwin will require the most 
energy for cooling. For Melbourne, Canberra and Hobart, the HDD is much more 
dramatic than the CDD, which indicates that these three cities will require more energy 
for heating. 
Table 3.1 
Climate Indicators for Australian Capital Cities (AIRAH DA9 and EnergyPlus weather file) 
Location Latitude HDD18 CDD18 
Outdoor Design Conditions 
Summer Winter 
DBT (oC) WBT (oC) DBT (oC) 
Adelaide 34.9 S 1056 692 37.0 21.4 4.9 
Brisbane 27.5 S 347 1018 30.8 24.9 9.2 
Canberra 35.3 S 2129 217 34.3 19.6 -2.2 
Darwin  12.4 S 0 3409 34.4 27.7 18.1 
Hobart  42.9 S 2073 52 27.0 18.0 1.9 
Melbourne  37.8 S 1412 306 34.3 20.5 3.5 
Perth 31.9 S 759 763 36.6 22.4 7.4 
Sydney 33.5 S 546 683 31.1 22.7 7.2 
 
3.1.3 Study Scenarios 
For each climate location, to investigate the feasibility of different solar assisted 
cooling systems in comparison with the conventional HVAC system, the study 
scenarios are organised as following, which coincide with those mentioned in Section 
1.4: 
1. The referenced conventional VAV system and VAV-PV system 
2. Investigation of different solar assisted cooling systems 
o The solar desiccant-evaporative cooling (SDEC) system 
o The hybrid solar desiccant-compression cooling (SDCC) system 
o The solar absorption cooling (SAC) system 
3. Comparison of different types of solar collector subsystems 
o Solar thermal (ST) collector 
o Photovoltaic (PV) panel 
o Photovoltaic-Thermal (PVT) collector 
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3.2 ARCHETYPICAL BUILDING MODEL DEVELOPMENT 
3.2.1 Building Model Description 
The studied building for this research is an air-conditioned, rectangular, three-
storey office building with a basement car park, which is recommended by the 
Australian Building Codes Board (ABCB) as Building Type B (long axis East-West), 
to represent a typical medium sized commercial building in the central business district 
(CBD) of the capital cities in Australia (ACADS-BSG, 2002a). The building has five 
conditioned zones in each floor, one in the core and four at the perimeter, with a total 
conditioned area of 2003.85 m2 and conditioned window-wall ratio (WWR) of 0.4. 
The Building Type B geometry and the zone division are shown in Figure 3.2 below.  
 
Figure 3.2. Building model geometry and zone division 
The reason for the selection of this building type in this research is that it 
represents a typical office building in the CBDs of Australian capital cities. In addition, 
the building size is medium and it is suitable for integrating solar energy into its HVAC 
systems. The building model geometry is created using Google SketchUp and 
OpenStudio plugin, which is shown in Figure 3.3. 
 
Figure 3.3. Google SketchUp building model 
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3.2.2 Building Physical Properties 
The building’s physical parameters regarding the overall specification and 
building envelope are summarised in Table 3.2 as provided by ABCB (ACADS-BSG, 
2002a). The building envelope, construction material, and internal load density are 
recommended by ABCB as the baseline for modelling Australian office buildings. 
Therefore, the adopted building physical properties and assumptions will also be used 
for the validation of the building model. In addition, these assumptions are also widely 
used by other authors (ACADS-BSG, 2002a & 2002b; Daly et al., 2014a & 2014b) for 
modelling the Building Type B in Australia. 
Table 3.2 
Building Model Physical Properties and Specifications 
Building feature Value 
Number of storeys 3 
Footprint dimensions 36.5×18.3=667.95 m2 
Gross conditioned floor area 3×667.95=2003.85 m2 
Aspect ratio 2:1 
Floor-to-ceiling height 2.7 m 
Plenum wall height 0.9 m 
Car park height 3 m 
Building total height 3×3.6+3=13.8 m 
Orientation Long axis East-West 
Number of zones per floor 5 
Roof 
Metal deck, air gap, foil, roof space, R2.0 batts, 13 mm 
acoustic tiles (U=0.277 W/m2K) 
Floor 175mm concrete slab with carpet (U=1.32 W/m2K) 
Exterior wall 
200 mm heavy weight concrete, R1.5 batts, 10 mm 
plasterboard (U=0.554 W/m2K) 
Window 
Single 6 mm clear glass, conditioned WWR=0.4 
(U=5.89 W/m2K) 
 
The building envelope materials and constructions are shown in Appendix A.  
3.2.3 Internal Load Density and Operational Schedules 
The lighting, equipment and occupant density are recommended by ABCB based 
on ACADS-BSG (2002a) as benchmarks for the energy performance modelling of 
Building Type B. Operational schedules of lighting, equipment, occupancy and HVAC 
plant are provided by Donnelly (2004) as base inputs for modelling Australian office 
buildings.  
A summary of the modelling assumptions is demonstrated in Table 3.3. These 
parameters are also used by many other authors to model the typical office building 
energy performance in Australia (ACADS-BSG, 2002a & 2002b; Daly et al., 2014a & 
2014b). According to Daly et al. (2014a), for Australian commercial buildings, the 
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lighting power density ranges from 9.3 to 21 W/m2, the ICT power density ranges from 
7.5 to 20 W/m2, the occupant density ranges from 5 to 50 m2/person, infiltration ranges 
from 0.25 to 1.5 ACH, ventilation requirement ranges from 7.5 to 12.5 L/s/person, ICT 
usage schedule ranges from 60.9 to 136.3 h/week, and the occupancy schedule ranges 
from 37.9 to 58.2 h/week. Therefore, the modelling assumptions presented in Table 
3.3 are reasonable for modelling the building model adopted in this research. The 
detailed hourly operational schedules are summarised in Appendix B.  
Table 3.3 
Modelling Assumptions of Internal Load Density and Operational Schedules 
Modelling Assumptions Value 
Lighting power density 15 W/m2 
Equipment load density 15 W/m2 
Occupant density 10 m2/person 
Lighting schedule 91.5 h/week 
Equipment schedule 97.45 h/week 
Occupancy schedule 53.75 h/week 
HVAC operation schedule 60 h/week, 06:00-18:00, Monday to Friday 
Infiltration rate 1 ACH, no infiltration during HVAC operation 
Outside air rate 10 L/s per person 
HVAC set points 24oC, 50% relative humidity for cooling with setback 
temperature of 38oC; 20oC for heating with setback 
temperature of 12oC 
Referenced HVAC system VAV with Reheat, water cooled chiller 
 
3.2.4 Validation 
The validation of the building model is an important stage in the research 
process. Since the building is an archetypal building and there are no existing buildings 
using the same solar cooling system with the research, the validation is based on a 
comparison study and self-validation. For the comparison study, the building energy 
consumption and end use percentage of the referenced VAV system is used to compare 
with the simulation results provided by Daly et al. (2014a). For the self-validation, it 
will be validated by the building indoor temperature and building orientation. The 
building model validation details will be presented in Chapter 4 in Section 4.4. 
3.3 PERFORMANCE INDICATORS 
The feasibility assessments of the proposed solar assisted cooling systems are 
based on the evaluation of a number of key performance indicators from technical, 
environmental and economic aspects. 
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3.3.1 Technical Performance Indicators 
The technical performance indicators include: solar fraction, system coefficient 
of performance, annual energy consumption and annual energy savings.  
Solar Fraction 
As one of the important technical indicators, solar fraction is considered as the 
most commonly used performance indicator for the evaluation of solar-assisted air 
conditioning systems (Baniyounes et al., 2013c). Solar fraction is the ratio of solar 
energy contribution to the total energy input for driving the solar cooling system. A 
backup heater is usually used to deliver the required energy when the solar energy is 
insufficient to drive the cooling system. Therefore, the solar fraction can be defined in 
the following equation:  
𝑆𝐹 =
𝑄𝑆𝑜𝑙𝑎𝑟
𝑊𝑖𝑛
=
𝑄𝑆𝑜𝑙𝑎𝑟
𝑊ℎ𝑣𝑎𝑐 + 𝑄𝑆𝑜𝑙𝑎𝑟
                                        (3.1) 
For ST collectors:  
𝑄𝑆𝑜𝑙𝑎𝑟 = 𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ                                                    (3.2) 
For PV panels:  
𝑄𝑆𝑜𝑙𝑎𝑟 = 𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙                                                    (3.3) 
For PVT collectors: 
𝑄𝑆𝑜𝑙𝑎𝑟 = 𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ + 𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙                                        (3.4) 
where 𝑄𝑆𝑜𝑙𝑎𝑟 refers to the useful solar thermal energy input 𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ for ST collectors, 
or electricity generation 𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙  for PV panels, or both solar thermal and electric 
gains for PVT collectors in kW;  𝑊𝑖𝑛 is the total energy input requirement for driving 
the solar cooling system in kW; and 𝑊ℎ𝑣𝑎𝑐 is the electricity power input of all the 
HVAC electrical components in the system in kW, including fans, pumps, backup 
heater, electric chiller, evaporative cooler, cooling tower and desiccant wheel motor. 
A pump controller is included to disable the solar subsystem pumps whenever 
the desiccant dehumidification is not needed. Therefore the SF is only counted when 
the solar subsystem pumps are in operation. For comparison purpose, the monthly 𝑆𝐹𝑚 
is used, which is expressed as: 
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𝑆𝐹𝑚 =
∑ 𝑄𝑆𝑜𝑙𝑎𝑟𝑖
𝑁𝑚
𝑖=1
∑ 𝑊𝑖𝑛𝑖
𝑁𝑚
𝑖=1
                                                      (3.5) 
where 𝑁𝑚 is the number of time steps in a month for the solar hot water subsystem 
pump in operation. 
Coefficient of Performance 
COP is used for evaluating the HVAC system efficiency. It is defined as the ratio 
of the system cooling capacity to the total HVAC system energy input. For the ST 
solar cooling systems, the COP is expressed by the following equation: 
𝐶𝑂𝑃𝑆𝑇 =
𝑄𝐶
𝑊𝑖𝑛
=
𝑄𝐶
𝑊ℎ𝑣𝑎𝑐 + 𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ
                                (3.6) 
where 𝑄𝐶  is the refrigeration cooling effect in kW; and 𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ is the useful solar 
thermal energy gain from the ST collector in kW. 
For the PV solar cooling systems, the COP can be defined as: 
𝐶𝑂𝑃𝑃𝑉 =
𝑄𝐶
𝑊𝑖𝑛
=
𝑄𝐶
𝑊ℎ𝑣𝑎𝑐 + 𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙
                                    (3.7) 
where 𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙 is the electricity produced by the PV cells in kW. 
For the PVT solar cooling systems, the COP could be defined as: 
𝐶𝑂𝑃𝑃𝑉𝑇 =
𝑄𝐶
𝑊𝑖𝑛
=
𝑄𝐶
𝑊ℎ𝑣𝑎𝑐 + 𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙 + 𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ
                      (3.8) 
It should be pointed out that for Eq. (3.4) and Eq. (3.5), the 𝑊ℎ𝑣𝑎𝑐 refers to the 
net HVAC components electricity consumption, which should exclude the electrical 
power produced by the PV cells. This is because it assumes that the HVAC electrical 
components are able to use PV produced electricity. 
For the system cooling effect 𝑄𝐶, different systems have different meanings. For 
the SDEC system using 100% outdoor air, the system cooling effect is defined as: 
𝑄𝐶,𝑆𝐷𝐸𝐶 = 𝑚𝑜 × (ℎ𝑜 − ℎ𝑠)                                           (3.9) 
where 𝑚𝑜 is the outside air mass flow rate in kg/s; ℎ𝑜 is the enthalpy of outside 
air in kJ/kg; and ℎ𝑠 is the enthalpy of supply air after the evaporative cooler in kJ/kg. 
For the SDCC system and SAC system using recirculation air mode, the system 
cooling effect is expressed as Eq. (3.10) and Eq. (3.11) respectively. 
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𝑄𝐶,𝑆𝐷𝐶𝐶 = 𝑚𝑜 × (ℎ𝑜 − ℎ𝑝) + 𝑄𝑒𝑣𝑎𝑝,𝑐ℎ                           (3.10) 
𝑄𝐶,𝑆𝐴𝐶 = 𝑄𝑒𝑣𝑎𝑝,𝐴𝑏𝑠                                                  (3.11) 
where ℎ𝑝  is the enthalpy of process air after the air-to-air heat exchanger in 
kJ/kg; 𝑄𝑒𝑣𝑎𝑝,𝑐ℎ  is the conventional chiller evaporative cooling rate in kW; and 
𝑄𝑒𝑣𝑎𝑝,𝐴𝑏𝑠 is the absorption chiller evaporative cooling rate in kW. 
Also for comparison purposes, the system COP would be averaged on a monthly 
basis. The COP is counted only when the main cooling equipment (desiccant wheel or 
chiller) is in operation for each time step and is expressed as: 
𝐶𝑂𝑃𝑚′ =
∑ 𝑄𝐶𝑖
𝑁
𝑚′
𝑖=1
∑ 𝑊𝑖𝑛𝑖
𝑁𝑚′
𝑖=1
                                                   (3.12) 
where 𝑁𝑚′ is the number of time steps in a month for the desiccant wheel or chillers 
in operation. 
Annual Energy Consumption 
Annual site energy consumption is the total electric energy consumed by the 
whole building, including the HVAC components, lighting and equipment. For the 
conventional VAV system, the site energy consumption is defined as: 
𝐸𝑝,𝐶𝑜𝑛𝑣 = 𝐸𝑓𝑎𝑛 + 𝐸𝑝𝑢𝑚𝑝 + 𝐸𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝐸𝑟𝑒𝑗 + 𝐸𝑙 + 𝐸𝑒𝑞𝑢𝑖𝑝      (3.13) 
where 𝐸𝑓𝑎𝑛  is the conventional system fan electricity energy consumption in GJ; 
𝐸𝑝𝑢𝑚𝑝 is the pump electric energy consumption in GJ; 𝐸𝑐𝑜𝑜𝑙𝑖𝑛𝑔 is the cooling energy 
consumption by the chiller (or evaporative cooler) in GJ; 𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔  is the heating 
energy consumption by the boiler (or electric reheaters) in GJ; 𝐸𝑟𝑒𝑗  is the cooling 
tower consumption for heat rejection in GJ; 𝐸𝑙 is the interior lighting consumption in 
GJ; and 𝐸𝑒𝑞𝑢𝑖𝑝  is the equipment energy consumption in GJ. For the solar assisted 
cooling systems, the annual energy consumption is defined as: 
𝐸𝑝 = 𝐸𝐴𝑢𝑥 + 𝐸𝑓𝑎𝑛 + 𝐸𝑝𝑢𝑚𝑝 + 𝐸𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝐸𝑟𝑒𝑗 + 𝐸𝑟𝑒𝑐 + 𝐸𝑙 + 𝐸𝑒𝑞𝑢𝑖𝑝   (3.14) 
where 𝐸𝐴𝑢𝑥 is the electric energy consumption by the auxiliary backup heater in GJ; 
and 𝐸𝑟𝑒𝑐 is the desiccant wheel motor electric consumption for heat recovery in GJ. 
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Annual Energy Savings 
The potential annual energy savings can be calculated according to the 
comparison between the conventional HVAC system and the proposed solar assisted 
air conditioning systems by the following equation: 
𝐸𝑆𝑎𝑣𝑒𝑑 = 𝐸𝑝,𝐶𝑜𝑛𝑣 − 𝐸𝑝                                                 (3.15) 
3.3.2 Environmental Performance Indicators 
The environmental analysis of the proposed solar assisted cooling systems is 
based on the evaluation of the amount of annual CO2 emissions reduction by saving 
electricity energy used by air conditioning, which is given by the following formula:  
𝑀𝐶𝑂2 = 𝐶𝑂2 𝑓𝑎𝑐𝑡𝑜𝑟 × 𝐸𝑠𝑎𝑣𝑒𝑑 × 0.278                              (3.16) 
where 𝑀𝐶𝑂2 is the total annual reduced CO2 in ton;  𝐶𝑂2 𝑓𝑎𝑐𝑡𝑜𝑟 is the emission factor 
for electricity consumption in kg CO2-e/kWh; and 0.278 is the unit conversion 
coefficient. The emission factor for each city is shown in Table 3.4 below 
(Lecamwasam, Wilson, & Chokolich, 2012). The working fluid impacts are not 
considered in this research.  
Table 3.4 
Emission Factors for the Consumption of Electricity in Australian Capital Cities (kg CO2-e/kWh) 
Adelaide Brisbane Canberra Darwin Hobart Melbourne Perth Sydney 
0.81 1.00 1.06 0.75 0.33 1.35 0.93 1.06 
 
3.3.3 Economic Performance Indicators 
Renewable energy integrated air conditioning systems are characterised by high 
initial cost (IC) and low operating cost (OC) (Baniyounes et al., 2012). Initial cost is 
usually comprised of the investment on the purchase of the equipment and installation 
cost. Operating cost is the cost required to run the system, which generally includes 
the fuel cost, materials and labour cost for maintenance. There are a number of 
different methods that can be adopted to assess the economic performance of the 
renewable energy integrated HVAC systems. The most commonly used methods are 
payback period (PBP), life cycle cost (LCC), and net present value (NPV).  
Payback Period 
Payback period is the simplest method used to assess the economic feasibility of 
the proposed solar assisted cooling systems. It is usually described as the number of 
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years that it takes to recoup the funds expended in an investment. The sooner the 
system recovers the value of its initial investment, the more desirable it is. The PBP is 
given by Eq. (3.17) (Abdel-Salam et al., 2014). 
𝑃𝐵𝑃 =
∆𝐼𝐶
∆𝑂𝐶
                                                            (3.17) 
where 𝑃𝐵𝑃 is the payback period in years; ∆𝐼𝐶 is the initial cost differences between 
the proposed solar assisted cooling systems and the referenced VAV system; ∆𝑂𝐶 is 
the operation cost differences between the referenced conventional VAV system and 
the proposed solar system alternatives.  
Life Cycle Cost 
The LCC is the summation of the IC and OC throughout the lifespan of the air 
conditioning system. The present value method is used to calculate LCC by 
introducing a present worth factor (PWF). The present worth factor is used to compare 
the future cost of a renewable energy system with today’s cost taken into account that 
an obligation recurs each year at 𝑖 inflation rate and 𝑑 discount rate over 𝑁 years of 
lifespan as expressed in Eq. (3.18) (Duffie & Beckman, 2013).  
𝑃𝑊𝐹(𝑁, 𝑖, 𝑑) =∑
(1 + 𝑖)𝑗−1
(1 + 𝑑)𝑗
𝑁
𝑗=1
=
{
 
 
 
 1
𝑑 − 𝑖
[1 − (
1 + 𝑖
1 + 𝑑
)
𝑁
] , 𝑖𝑓 𝑖 ≠ 𝑑  
𝑁
𝑖 + 1
, 𝑖𝑓 𝑖 = 𝑑
   (3.18) 
where 𝑃𝑊𝐹 implies the present worth factor; 𝑖 is the inflation rate; 𝑑 is the discount 
rate; and 𝑁 is the life cycle of the system.  
Then, the LCC is calculated using Eq. (3.19) (Abdel-Salam et al., 2014). 
𝐿𝐶𝐶 = 𝐼𝐶 + 𝑃𝑊𝐹 × 𝑂𝐶                                            (3.19)  
where 𝐿𝐶𝐶 is the life cycle cost; 𝐼𝐶 is the system initial cost; 𝑃𝑊𝐹 is the present worth 
factor; and 𝑂𝐶 is the system annual operating cost. 
The annual operating cost is defined by the following equation (Li et al., 2010):  
𝑂𝐶 = 𝐸𝑝 × 𝐶𝑒 + 𝐶𝑚                                                (3.20) 
where 𝐸𝑝 is the system total annual energy consumption in kWh; 𝐶𝑒 is the electricity 
price in $/kWh; and 𝐶𝑚 is the system maintenance cost, which is usually expressed by 
the percent of the system total initial investment cost (Tsoutsos et al., 2003).  
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Net Present Value 
The NPV determines whether a project will result in a net profile or a loss 
throughout the life cycle period by calculating the present value of the total benefits 
and costs which is achieved by discounting the future value of each cash flow. A 
positive NPV is acceptable and indicates that the benefits exceed the costs. The NPV 
is defined by the following formula (Tsoutsos et al., 2003): 
𝑁𝑃𝑉 = ∆𝑂𝐶 × 𝑃𝑊𝐹 − 𝐼𝐶                                          (3.21) 
where ∆𝑂𝐶 is the annual benefits of the operating cost of the proposed solar assisted 
cooling systems; 𝑃𝑊𝐹 is the present worth factor; and 𝐼𝐶 is the system initial cost. 
The electricity price 𝐶𝑒 of each city is listed in Table 3.5.  
Table 3.5 
Electricity Fuel Cost (c/kWh) 
Adelaide Brisbane Canberra Darwin Hobart Melbourne Perth Sydney 
13.38a 10.48b 5.95c 16.3d 7.5e 19.8f 14.13g 13.05h 
a. http://businesstech.co.za/news/general/41218/south-africas-electricity-price-shock. Nationwide value. 
b. Barclay D., Chester C., Cooper J., and Liddy A. 2015. Regulated retail electricity prices for 2015-16. Final 
determination. Queensland Competition Authority. Brisbane. 
c. Retail electricity price recalibration 2015-16. Final decision. Independent Competition and Regulatory 
Commission.  
d. Northern Territory of Australia. Electricity Reform Act. Electricity Pricing Order, 2005. 
e. AURORA ENERGY PTY LTD, Interim Price-Regulated Retail Service Price Determination, 29 July 2013. 
f. Essential Services Commission 2013, Retailer Margins in Victoria’s Electricity Market-Discussion Paper, May. 
g. www.finance.wa.gov.au 
h. Energy Australia. Business Customer Price List. Regulated Retail Tariffs.  
 
The economic parameters used to calculate the PWF and LCC are given in Table 
3.6 below. The lifespan of a solar cooling system is usually 25 years and is widely 
used in other projects (Baniyounes et al., 2012). The discount rate in Australia is taken 
to be 8% because risk capitals are not considered (Wang et al., 2013) and it is adopted 
by many other researchers such as Baniyounes et al. (2012), Kohlenbach & Dennis 
(2010), and Wang et al. (2013). And an inflation rate of 2.5% is also widely used in 
other researchers’ work (Kohlenbach & Dennis, 2010; Donnelly, 2004).  
Table 3.6 
The Economic Parameters Used to Calculate the PWF and LCC 
Component Value Unit 
Life cycle of system 25 years 
Inflation rate 2.5 % 
Discount rate 8 % 
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Chapter 4: System Development 
Chapter 4 describes the development and configuration of the proposed solar 
assisted air conditioning systems. Three different solar collector subsystems are also 
investigated. Section 4.1 introduces the referenced conventional VAV system. Section 
4.2 then describes the proposed solar collector subsystems, including solar thermal 
collectors (ST), solar photovoltaic (PV) panels, and solar photovoltaic-thermal (PVT) 
collectors. Then, the solar cooling subsystems and their main components modelling 
are presented in Section 4.3, which includes the SDEC system, the hybrid SDCC 
system and the SAC system. Then, the building model validation are discussed in 
Section 4.4. In the end, a brief conclusion of this chapter is presented. 
4.1 THE REFERENCED VAV HVAC SYSTEM 
The conventional VAV system is constructed as a base case scenario for the 
building model validation and as the reference for the comparison with the proposed 
solar assisted cooling systems. The system input parameters of the conventional VAV 
system are shown in Table 4.1 below. 
Table 4.1 
Key Simulation Parameters for the Referenced VAV System 
Parameters Value Citations 
Chiller   
Chiller type Reciprocating ACADS-BSG (2002b) 
Chiller COP 3.5 ACADS-BSG (2002b) 
Condenser type Water cooled Bannister (2004) 
Chilled water design set point (oC) 7.22  EnergyPlus default 
Chilled water pump head (Pa) 179325  EnergyPlus default 
Condenser water design set point (oC) 29.4  EnergyPlus default 
Condenser water pump head (Pa) 179325 EnergyPlus default 
Boiler   
Boiler type Hot Water ACADS-BSG (2002b) 
Fuel type Electricity EnergyPlus default 
Efficiency 0.8 ACADS-BSG (2002b) 
Hot water pump head (Pa) 179325 EnergyPlus default 
Design water outlet temperature (oC) 82  EnergyPlus default 
Supply & Return Air Fan   
Fan total efficiency 0.7 EnergyPlus default 
Fan delta pressure (Pa) 500 Donnelly (2004) 
Design Supply Air Temperature (oC) 12.8  EnergyPlus default 
 
Generally the fan efficiency ranges from 0.55 to 0.75 and fan delta pressure 
ranges from 500 to 1000 Pa (Wei & Zmeureanu, 2009; Donnelly, 2004; Fong et al., 
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2010a; 2010b; 2011a; 2011b; 2012). For the electricity hot water boiler, the efficiency 
ranges from 0.78 to 0.82 (Wei & Zmeureanu, 2009; Donnelly, 2004; Bannister, 2004). 
Therefore, the input values cited from other authors as indicated in the table are 
reasonable. These parameters are also used to model the same components for other 
scenarios in this research. In addition, they are also used to validate the building and 
system model by comparing the building energy consumption with other studies. 
Therefore, it is necessary to ensure these parameters coincide with other authors’ 
research.  
It should be noted that for the VAV, SDCC and SAC systems containing chillers, 
an outdoor air reset control is applied on the chiller water supply temperature setpoint. 
This will be discussed in detail in Section 5.3.1. 
For comparison purposes, a PV integrated VAV system is also involved. The 
VAV-PV system configuration and inputs are the same as the conventional VAV 
system except for the integration of PV panels with it. The PV panels are connected to 
the city electricity grid and produce electricity from the sun for the building and its 
HVAC system components. Through an inverter, the DC electricity generated by the 
PV panels will convert to AC electricity. The schematic diagram of the conventional 
vapour compression VAV system with PV integration is shown in the following figure 
(Fong et al., 2010a). 
 
Figure 4.1. Schematic of conventional vapour compression VAV system (VAV-PV with red box) 
(Fong et al., 2010a) 
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4.2 SOLAR COLLECTOR SUBSYSTEM 
4.2.1 Solar Thermal Collector 
A solar thermal collector converts solar energy into thermal heat to drive the 
regeneration process. The solar thermal heat gain is given by EnergyPlus Engineering 
Reference (2013): 
𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ = 𝜂𝑆𝑜𝑙𝑎𝑟 × 𝐴𝑐 × 𝐼                                         (4.1) 
where 𝜂𝑆𝑜𝑙𝑎𝑟 is the solar thermal collector overall efficiency; 𝐴𝑐 is the gross area of 
the solar thermal collector in m2; 𝐼 is the total incident solar radiation in W/m2. 
The solar thermal collector’s efficiency is determined by the following equation 
(EnergyPlus Engineering Reference, 2013):  
𝜂𝑆𝑜𝑙𝑎𝑟 = 𝑐0 + 𝑐1 ×
𝑇𝑖𝑛 − 𝑇𝑎
𝐼
+ 𝑐2 ×
(𝑇𝑖𝑛 − 𝑇𝑎)
𝐼
2
                       (4.2) 
where 𝑇𝑖𝑛  is the collector inlet temperature of the working fluid in 
oC; 𝑇𝑎  is the 
ambient air temperature in oC; 𝑐0 is the collector optical efficiency; 𝑐1 and 𝑐2 are the 
collector heat loss coefficients. 
In the ST subsystem, water is the commonly used working fluid. Thus, a hot 
water heating coil is required as the regeneration heater on the demand side of the hot 
water loop. The schematic diagram of the ST collector subsystem is shown in Figure 
4.2 and the simulation parameters for the ST collector subsystem are shown in Table 
4.2. 
 
Figure 4.2. Schematic diagram of the solar thermal collector subsystem (Fong et al., 2010a) 
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Table 4.2 
Simulation Parameters for the Solar Thermal Collector Subsystem 
Parameters Value Citations 
Solar collector type Flat Plate EnergyPlus default 
Fluid type Water EnergyPlus default 
Collector model name Solahart Industries BT EnergyPlus datasets 
Collector optical efficiency 𝑐0 0.753 EnergyPlus default 
Collector heat loss coefficient 𝑐1 (W/m
2·K) -5.2917 EnergyPlus default 
Collector heat loss coefficient 𝑐2 (W/m
2·K2) 0.00638 EnergyPlus default 
Collector area (m2) 720 Customised 
Collector tilt 25o AS 5389(Int)-2013 
Collector loop flow rate (kg/s) 3 Autosized by software 
Regenerative hot water loop flow rate (kg/s) 2.4 Autosized by software 
Regenerative hot water design temperature 
(oC) 
75 Customised 
Backup heater fuel type Electricity Baniyounes et al. (2013c) 
Backup heater efficiency 1 EnergyPlus default 
Backup Heater overall loss coefficient (W/K) 0 EnergyPlus default 
Backup heater capacity (kW) 100 Customised 
Storage tank volume (m3) 30 Customised 
Hot water regeneration heating coil   
Regeneration heating coil capacity (kW) 300 Autosized by software 
Rated inlet water temperature (oC) 75 Customised 
Rated inlet air temperature (oC) 35 Autosized by software 
Rated outlet water temperature (oC) 45 Autosized by software 
Rated outlet air temperature (oC) 50 Customised 
Rated ratio for air and water convection 0.5 EnergyPlus default 
 
Sensitivity analysis about the collector area, storage tank volume, and backup 
heater capacity will be investigated in Chapter 6. The 75oC rated water temperature 
entering the regeneration heating coil is set to coincide with the regenerative hot water 
design setpoint produced by the solar collector. And the 50oC rated outlet air 
temperature leaving the regeneration heating coil is set to coincide with the minimum 
regeneration temperature setpoint determined by the desiccant wheel.  
4.2.2 Solar Photovoltaic Panel 
In EnergyPlus, the Generator:PV:Simple object is used to model the PV 
performance. It describes about the simplest model for predicting photovoltaic energy 
production. In this model the user specifies the efficiency with which surfaces convert 
incident solar radiation to electricity. The useful electrical power produced by the PV 
surface is expressed as (EnergyPlus Engineering Reference, 2013): 
𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙 = 𝜂𝑐𝑒𝑙𝑙 × 𝐴𝑐 × 𝐼  × 𝑓𝑎𝑐𝑡𝑖𝑣                                   (4.3) 
where 𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙 is the electrical power produced by photovoltaics in kW; 𝐼 is the total 
solar radiation incident on PV array in W/m2; 𝐴𝑐 is the net area of surface in m
2; 𝑓𝑎𝑐𝑡𝑖𝑣  
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is the fraction of surface area with active solar cells; 𝜂𝑐𝑒𝑙𝑙 is the PV module conversion 
efficiency.  
The difference of the PV subsystem and the ST subsystem is that the PV 
subsystem does not have a hot water loop. Thus, it does not require the storage tank, 
backup heater and hot water pumps. In addition, it uses an electric heating coil to 
provide regeneration instead of the hot water heating coil in the ST subsystem, which 
is shown in Figure 4.3 below. The simulation parameters for the solar PV subsystem 
are shown in Table 4.3. The customised surface area fraction of 1 is selected to ensure 
the same collect area with the ST collector. The PV panels are not applicable for the 
SAC system because it does not have a desiccant dehumidifying system and thus no 
regeneration is required. 
 
Figure 4.3. Schematic diagram of the solar PV subsystem (Fong et al., 2010a) 
Table 4.3 
Simulation Parameters for the Solar PV Subsystem 
Parameters Value Citations 
Collector surface area (m2) 720 Customised 
Collector tilt 25o AS 5389(Int)-2013 
Electric conversion efficiency input mode Fixed  EnergyPlus default 
PV module efficiency 0.2 SBC Energy Institute (2013) 
Inverter efficiency 0.985 Solar inverter (2015) 
Fraction of surface area  1 Customised 
Electric regeneration heating coil   
Regeneration heating coil capacity (kW) 300 Autosized by software 
Rated inlet air temperature (oC) 35 Autosized by software 
Rated outlet air temperature (oC) 50 Customised 
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4.2.3 Photovoltaic-Thermal Collector 
The photovoltaic-thermal collector combines the ST collectors and the PV 
modules together, producing both thermal heat and electricity from the sun. The PVT 
overall efficiency is the sum of the collector’s thermal and electric efficiency:  
𝜂𝑃𝑉𝑇 = 𝜂𝑡ℎ + 𝜂𝑐𝑒𝑙𝑙                                                     (4.4) 
where 𝜂𝑡ℎ  is the thermal conversion efficiency of the PVT panel; and 𝜂𝑐𝑒𝑙𝑙  is the 
electric conversion efficiency of the PV cells. 
EnergyPlus provides a simple PVT module for modelling the PVT collectors, 
which enables users to simply enter a value for the thermal efficiency. The PVT 
subsystem configuration is similar to the ST subsystem except an extra inverter is 
needed for DC-AC electricity conversion. The governing equations for the thermal 
performance modelling of the PVT collector are expressed by Eq. (4.5) and Eq. (4.6) 
according to EnergyPlus Engineering Reference (2013), which are similar to those of 
ST collectors. 
𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ = 𝜂𝑡ℎ × 𝐴𝑐 ×  𝐼 × 𝑓𝑎𝑐𝑡𝑖𝑣                             (4.5) 
𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 +
𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ
?̇?𝑐𝑝
                                                  (4.6) 
where 𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ is the solar thermal energy collected from the sun by the PVT collector 
in kW; 𝑇𝑜𝑢𝑡 is the temperature of the working fluid leaving the PVT in 
oC; 𝑇𝑖𝑛 is the 
temperature of the working fluid entering the PVT in oC; ?̇? is the entire mass flow of 
the working fluid through the PVT in kg/s; and 𝑐𝑝 is the specific heat of the working 
fluid in kJ/kg·K.  
The modelling of the PVT collector electrical performance is the same as that of 
the PV panels mentioned in Section 4.2.2. Therefore, the PVT total solar energy gains 
can be expressed as: 
𝑄𝑆𝑜𝑙𝑎𝑟 = 𝑄𝑆𝑜𝑙𝑎𝑟,𝑡ℎ + 𝑄𝑆𝑜𝑙𝑎𝑟,𝑒𝑙                                         (4.7) 
The schematic diagram of the PVT subsystem is shown in Figure 4.4 and the 
simulation parameters for the PVT subsystem are shown in Table 4.4 below. The 
customised thermal conversion efficiency of 0.3 is selected based on the annual 
average solar collector efficiency of the ST system. This is because of the limitation 
of the modelling objective for the PVT collector in EnergyPlus. The input parameters 
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for modelling the hot water regeneration heating coil can be referenced in Table 4.2. 
Other customised values are set to be united with previous scenarios. 
 
Figure 4.4. Schematic diagram of the solar PVT subsystem (Fong et al., 2010a) 
Table 4.4 
Simulation Parameters for the Solar PVT Subsystem 
Parameters Value Citations 
PVT collector type Flat Plate EnergyPlus default 
Fluid type Water EnergyPlus default 
Collector surface area (m2) 720 Customised 
Collector tilt 25o AS 5389(Int)-2013 
Fraction of surface area  1 Customised 
Thermal conversion efficiency input mode Fixed  EnergyPlus default 
Thermal conversion efficiency 0.3 Customised 
Front surface emittance 0.84 EnergyPlus default 
Electric conversion efficiency input mode Fixed  EnergyPlus default 
Electric conversion efficiency 0.2 SBC Energy Institute (2013) 
Inverter efficiency 0.985 Solar inverter (2015) 
Collector loop flow rate (kg/s) 3 Autosized by software 
Regenerative hot water loop flow rate (kg/s) 2.4 Autosized by software 
Regenerative hot water design temperature (oC) 75 Customised 
Backup heater fuel type Electricity Baniyounes et al. (2013c) 
Backup heater efficiency 1 EnergyPlus default 
Backup Heater overall loss coefficient (W/K) 0 EnergyPlus default 
Backup heater capacity (kW) 100 Customised 
Storage tank volume (m3) 30 Customised 
 
4.3 COOLING SUBSYSTEM 
Section 4.3 will discuss the different cooling subsystems and their main 
components modelling, which include the SDEC system, SDCC system, and SAC 
system.  
The SDEC system and SDCC system use a desiccant cooling subsystem. The 
desiccant cooling subsystem consists of a rotary desiccant dehumidifier and an 
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independent cooling system. The rotary desiccant dehumidifier deals with the latent 
load and the independent cooling unit tackles the sensible load.  
For dehumidifying control of the SDEC and SDCC systems, an Energy 
Management System (EMS) control strategy is applied to the systems in order to 
reduce energy consumption. The strategy is that the desiccant wheel is operating only 
when the outdoor air humidity ratio is higher than 0.008 kg/kg. It is controlled by a 
sensor that provides an on/off signal to solar hot water pumps. When the outside air 
humidity ratio is below 0.008 kg/kg, the regenerative hot water pump will be off which 
will disable the regenerative hot water loop so that the regeneration air heater and the 
desiccant wheel will be turned off. This would significantly reduce unnecessary 
backup heater energy consumption.  
The reason for choosing 0.008 kg/kg as the actuator of the desiccant 
dehumidifying process is because generally, the central cooling design supply air 
humidity ratio is set to 0.008 kg/kg. This is also defaulted by EnergyPlus for the VAV 
system and SAC system. Thus, for consistency purposes, when the outdoor air 
humidity ratio is below 0.008 kg/kg, the dehumidifying process will not be in operation 
and only the cooling equipment operates if necessary. 
4.3.1 SDEC System 
The basic SDEC system diagram is shown in Figure 4.5 below. It uses a direct 
evaporative cooler to achieve the cooling effect. A second evaporative cooler is used 
in the regeneration air stream to increase the effectiveness of the heat exchanger.  
 
Figure 4.5. Schematic diagram of the SDEC system 
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The input parameters for modelling the SDEC subsystem can be referenced from 
previous discussions. The fan parameters and supply air setpoint temperature can be 
referenced from Table 4.1 in Section 4.1. The simulation parameters for the modelling 
of the desiccant wheel, air-to-air heat exchanger, and direct evaporative cooler will be 
presented in the following part.  
The modelling of the desiccant wheel 
The desiccant wheel is the key component in the solar desiccant cooing system 
which deals with both sensible and latent heat transfer between the process and 
regeneration air streams. In EnergyPlus this model is a balanced flow desiccant heat 
exchanger which assumes the same air volume flow rate and face velocity through the 
regeneration and process air stream sides. Its performance is specified through an 
empirical performance data that predicts the regeneration air stream outlet temperature 
and humidity ratio based on the entering regeneration and process air stream conditions 
and face velocity. The regeneration outlet air dry bulb temperature is determined by 
the following equation (EnergyPlus Engineering Reference, 2013). 
𝑅𝑇𝑂 = 𝐵1 + 𝐵2 ∗ 𝑅𝑊𝐼 + 𝐵3 ∗ 𝑅𝑇𝐼 + 𝐵4 ∗ (
𝑅𝑊𝐼
𝑅𝑇𝐼
) + 𝐵5 ∗ 𝑃𝑊𝐼 + 𝐵6 ∗ 𝑃𝑇𝐼 + 𝐵7 ∗ (
𝑃𝑊𝐼
𝑃𝑇𝐼
) + 𝐵8 ∗ 𝑅𝐹𝑉    (4.8) 
where 𝑅𝑇𝑂 is regeneration outlet air dry bulb temperature in oC; 𝑅𝑊𝐼 is regeneration 
inlet air humidity ratio in kg/kg; 𝑅𝑇𝐼 is regeneration inlet air dry bulb temperature in 
oC; 𝑃𝑊𝐼 is process inlet air humidity ratio in kg/kg; 𝑃𝑇𝐼 is process inlet air dry bulb 
temperature in oC; 𝑅𝐹𝑉 is regeneration (and process) face velocity in m/s; and 𝐵𝑛 is 
temperature equation coefficient. 
Similarly, the regeneration outlet air humidity ratio is determined as following 
(EnergyPlus Engineering Reference, 2013): 
𝑅𝑊𝑂 = 𝐶1 + 𝐶2 ∗ 𝑅𝑊𝐼 + 𝐶3 ∗ 𝑅𝑇𝐼 + 𝐶4 ∗ (
𝑅𝑊𝐼
𝑅𝑇𝐼
) + 𝐶5 ∗ 𝑃𝑊𝐼 + 𝐶6 ∗ 𝑃𝑇𝐼 + 𝐶7 ∗ (
𝑃𝑊𝐼
𝑃𝑇𝐼
) + 𝐶8 ∗ 𝑅𝐹𝑉    (4.9) 
where 𝑅𝑊𝑂 is regeneration outlet air humidity ratio in kg/kg; 𝐶𝑛  is humidity ratio 
equation coefficient. The coefficients of 𝐵𝑛 and 𝐶𝑛 are shown in Table 4.5 below from 
EnergyPlus. A humidity ratio control setpoint of 0.005 kg/kg is applied on the 
desiccant wheel process air outlet node for control purposes (Dezfouli et al., 2014). 
This is used to determine the humidity ratio rise in the regeneration air stream in order 
to model the desiccant wheel performance. 
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Table 4.5 
Coefficients for Desiccant Wheel Temperature and Humidity Ratio Equations 
B1 B2 B3 B4 B5 B6 B7 B8 
-27.18302 -184.97 1.00051 11603.3 -50.755 -.0168467 58.2213 .598863 
C1 C2 C3 C4 C5 C6 C7 C8 
.01213878 1.09689 -.000026 -6.3389 .00938196 .0000521186 .0670354 -.0001608 
 
The EnergyPlus input parameters for modelling the desiccant wheel are 
illustrated in Table 4.6 below.  
Table 4.6 
Simulation Input Parameters for the Desiccant Wheel 
Parameters Value Citations 
Desiccant Wheel (DW)   
DW nominal air flow rate (m3/s) 16 Autosized by software 
DW nominal electric power (W) 100 Fong et al. (2010a, 2011a, 2011b) 
DW nominal air face velocity (m/s) 4 Desiccant Rotors International 
Minimum regeneration temperature (oC) 50 Customised 
 
The modelling of air-to-air heat exchanger 
The air-to-air heat exchanger is modelled based on the following equations 
(Panaras, Mathioulakis, & Belessiotis, 2011): 
𝜀𝐻𝑋 =
𝑡2 − 𝑡3
𝑡2 − 𝑡6
                                                           (4.10) 
𝑡2 − 𝑡3 = 𝑡7 − 𝑡6                                                      (4.11) 
where 𝜀𝐻𝑋 is heat exchanger effectiveness; 𝑡2 is heat exchanger process air inlet dry 
bulb temperature in oC; 𝑡3 is heat exchanger process air outlet dry bulb temperature in 
oC; 𝑡6 is heat exchanger regeneration air inlet dry bulb temperature in 
oC; and 𝑡7 is 
heat exchanger regeneration air outlet dry bulb temperature in oC.  
The sensible heat exchanger presents air streams of equal flow rate and no heat 
losses to the environment. The input parameters for modelling the sensible air-to-air 
heat exchanger are summarised in Table 4.7. 
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Table 4.7 
Simulation Input Parameters for the Heat Exchanger 
Parameters Value Citations 
Heat exchanger(HX)   
HX type Flat Plate EnergyPlus default 
HX nominal air flow rate (m3/s) 16 Autosized by software 
Ratio of supply to secondary hA values 1 EnergyPlus default 
Nominal electric power (W) 0 EnergyPlus default 
Nominal supply air inlet temperature (oC) 54 Manufacturer data 
Nominal supply air outlet temperature (oC) 32.4 Manufacturer data 
Nominal secondary air inlet temperature (oC) 20 Manufacturer data 
 
The modelling of the evaporative cooler 
The direct evaporative cooler is modelled using the following equation 
(EnergyPlus Engineering Reference, 2013). It assumes a constant effectiveness model 
and the wet bulb temperature remains constant between the inlet and outlet of the direct 
evaporative cooler. 
𝑇𝑑𝑏,𝑜𝑢𝑡 = 𝑇𝑑𝑏,𝑖𝑛 − 𝜀(𝑇𝑑𝑏,𝑖𝑛 − 𝑇𝑤𝑏,𝑖𝑛)                                     (4.12) 
where 𝑇𝑑𝑏,𝑜𝑢𝑡 is the dry bulb temperature of the air leaving the cooler in 
oC; 𝑇𝑑𝑏,𝑖𝑛 is 
the dry bulb temperature of the air entering the cooler in oC; 𝑇𝑤𝑏,𝑖𝑛 is the wet bulb 
temperature of the air entering the cooler in oC; and 𝜀 is the cooler effectiveness. The 
input parameters for modelling the direct evaporative cooler are summarised in Table 
4.8 below. 
Table 4.8 
Simulation Input Parameters for the Direct Evaporative Cooler 
Parameters Value Citations 
Direct evaporative cooler 1 & 2   
Coil maximum efficiency 0.9 Baniyounes et al. (2012) 
Recirculating water pump power (W) 50 EnergyPlus default 
 
4.3.2 SDCC System 
In the SDCC subsystem, the evaporative cooler 1 is replaced by a cooling coil 
fed by a conventional vapour compression chiller, which is shown in Figure 4.6 below. 
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Figure 4.6. Schematic diagram of the SDCC system 
The SDCC system is a combination of the solar desiccant system with a 
conventional vapour compression chiller. This scenario uses the same chiller with the 
referenced VAV system and the same equipment for the desiccant system adopted in 
the SDEC system. Thus, for the vapour compression chiller, fans and design supply 
air temperature, the simulation parameters can be referenced from Table 4.1 in Section 
4.1. The modelling and input parameters for the DW, HX and EC simulation can be 
referenced in Section 4.3.1. 
4.3.3 SAC System 
The SAC system uses a thermally driven absorption chiller to provide a cooling 
effect. Cooling is achieved by an absorption cooling cycle. The schematic diagram of 
the SAC system is shown in Figure 4.7 below. The input parameters for fans and design 
supply air temperature can also be referenced from Table 4.1 in Section 4.1. The 
modelling and input parameters for the absorption chiller will be discussed in the 
following part. 
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Figure 4.7. Schematic diagram of the SAC system 
Modelling of absorption chiller 
In the SAC system, a single-effect absorption chiller is selected. This is because 
the single-effect absorption cooling cycle requires a relatively low temperature heat 
source of about 70oC to 120oC, which can be provided by the flat plate solar collectors. 
This absorption chiller model is based on a polynomial fit of absorber performance 
data (EnergyPlus Engineering Reference, 2013). The Generator Heat Input Part Load 
Ratio Curve is a quadratic equation that determines the ratio of the generator heat input 
to the demand on the chiller’s evaporator (𝑄𝑒𝑣𝑎𝑝). 
𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝐻𝑒𝑎𝑡𝐼𝑛𝑝𝑢𝑡𝑅𝑎𝑡𝑖𝑜 =
𝐶1
𝑃𝐿𝑅
+ 𝐶2 + 𝐶3 ∗ 𝑃𝐿𝑅                      (4.13) 
The Pump Electric Use Part Load Ratio Curve is a quadratic equation that 
determines the ratio of the actual absorber pumping power to the nominal pumping 
power. 
𝑃𝑢𝑚𝑝𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝐼𝑛𝑝𝑢𝑡𝑅𝑎𝑡𝑖𝑜 = 𝐶1 + 𝐶2 ∗ 𝑃𝐿𝑅 + 𝐶3 ∗ 𝑃𝐿𝑅2              (4.14) 
where 𝑃𝐿𝑅 is the part-load ratio of chiller evaporator; and 𝐶𝑛 is the part load ratio 
curve coefficients.  
The evaporator outlet water temperature is then calculated based on the cooling 
effect produced and the evaporator entering water temperature. 
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𝑇𝑒𝑣𝑎𝑝,𝑜𝑢𝑡 = 𝑇𝑒𝑎𝑣𝑝,𝑖𝑛 +
𝑄𝑒𝑎𝑣𝑝
𝐶𝑝,𝑒𝑣𝑎𝑝 ∗ 𝑚𝑒𝑣𝑎𝑝
                                      (4.15) 
where 𝑇𝑒𝑣𝑎𝑝,𝑜𝑢𝑡 is chiller evaporator outlet water temperature in 
oC; 𝑇𝑒𝑎𝑣𝑝,𝑖𝑛 is chiller 
evaporator inlet water temperature in oC; 𝐶𝑝,𝑒𝑣𝑎𝑝 is specific heat of chiller evaporator 
inlet water in J/kg/oC; and 𝑚𝑒𝑣𝑎𝑝 is chiller evaporator water mass flow rate in kg/s. 
The condenser heat transfer and condenser leaving water temperature are also 
calculated using the following equations. 
𝑄𝑐𝑜𝑛𝑑 = 𝑄𝑒𝑣𝑎𝑝 + 𝑄𝐺𝑒𝑛 + 𝑄𝑝𝑢𝑚𝑝                                      (4.16) 
𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 = 𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 +
𝑄𝑐𝑜𝑛𝑑
𝐶𝑝,𝑐𝑜𝑛𝑑 ∗ 𝑚𝑐𝑜𝑛𝑑
                                      (4.17) 
where 𝑄𝑐𝑜𝑛𝑑 is chiller condenser heat transfer rate in W; 𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 is chiller condenser 
outlet water temperature in oC; 𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 is chiller condenser inlet water temperature in 
oC; 𝐶𝑝,𝑐𝑜𝑛𝑑 is specific heat of chiller condenser inlet water in J/kg/
oC; 𝑚𝑐𝑜𝑛𝑑 is chiller 
condenser water mass flow rate in kg/s; 𝑄𝐺𝑒𝑛 is the absorption chiller generator heat 
input in W; and 𝑄𝑝𝑢𝑚𝑝 is pump power rate in W. The input parameters for modelling 
the absorption chiller are summarised in Table 4.9 below. 
Table 4.9 
Simulation Input Parameters for the Absorption Chiller 
Parameters Value Citations 
Absorption Chiller   
Chiller type Single-effect Baniyounes et al. (2013c) 
Nominal capacity (kW) Varies with locations Autosized by software 
Nominal pumping power (W) 1550 Autosized by software 
Minimum part load ratio 0.15 EnergyPlus default 
Maximum part load ratio 1 EnergyPlus default 
Optimum part load ratio 0.65 EnergyPlus default 
Design condenser inlet temperature (oC) 29.4 EnergyPlus default 
Design generator inlet temperature (oC) 75 Customised 
Design generator outlet temperature (oC) 60 Customised 
Chiller flow mode Not modulated EnergyPlus default 
Generator heat source type Hot water Customised 
Design generator fluid flow rate (m3/s) 0.005 Autosized by software 
𝐶1of hot water use part load ratio curve 0.03303 EnergyPlus default 
𝐶2of hot water use part load ratio curve 0.6852 EnergyPlus default 
𝐶3of hot water use part load ratio curve 0.2818 EnergyPlus default 
𝐶1of pump electric use part load ratio curve 1 EnergyPlus default 
𝐶2of pump electric use part load ratio curve 0 EnergyPlus default 
𝐶3of pump electric use part load ratio curve 0 EnergyPlus default 
Collector loop flow rate (kg/s) 5 Autosized by software 
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4.4 BUILDING MODEL AND SYSTEM VALIDATION 
As is mentioned in Section 3.2.4, the validation of the building model and system 
setup is based on the comparison study and self-validation.  
4.4.1 Validation by Building Energy Consumption 
A comparison of the building energy consumption intensity between the 
referenced VAV system in this study and the simulation results provided by Daly et 
al. (2014a) is undertaken. By changing the HVAC operation schedule, lighting 
schedule, equipment schedule and occupancy schedule to the same values as Daly et 
al.’s work, the energy consumption breakdown and end-use percentage of the 
referenced VAV system can be obtained in Figure 4.8 and Figure 4.9. The validation 
does not consider the lifts and DHW consumptions as they are not the main influences. 
 
Figure 4.8. Energy consumption intensity from simulation of the building model validation scenario 
 
Figure 4.9. End-use breakdown percentage for each city 
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Figure 4.10. Energy consumption intensity reported by Daly et al. (2014a) 
It is noted that there are differences between the base case energy consumption 
and Daly’s work presented in Figure 4.10. This is due to the lack of input parameter 
information about the fan delta pressure, pump rated head, cooling setpoint setback 
temperature, and chiller rated COP etc., leading to different inputs and changes in 
cooling energy consumption. However, the two figures demonstrate the same lighting 
and equipment consumptions according to the same power density. In addition, the 
two figures show a relevant ranking trend of the energy consumption intensity for the 
eight cities, which provides some confidence in the validation of the modelling. The 
validation result is also considered as reliable because the simulated energy 
consumption intensity for each city lies within the national average ± 1 standard 
deviation which is summarised by Daly et al. (2014a) based on Bannister (2004). 
Additionally, the HVAC consumption percentage is also similar to Daly’s results. 
Figure 4.9 and Figure 4.10 both show about 60% HVAC consumption in Darwin, 40%-
50% in Brisbane, Perth and Sydney, followed by Adelaide, Melbourne, Canberra and 
Hobart. This also provides some confidence in the validation. 
4.4.2 Validation by Indoor Air Temperature 
For the self-validation, Figure 4.11 and Figure 4.12 demonstrate the monthly 
average indoor air temperature for the referenced VAV system and the basic SDEC 
system respectively.  
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Figure 4.11. Monthly average building indoor temperature of the VAV system 
 
Figure 4.12. Monthly average building indoor temperature of the SDEC system 
It can be seen that for the SDEC system, the building indoor temperature can 
maintain the designed conditions of 24oC in summer and 20oC in winter, indicating 
the building model and HVAC system are constructed correctly. I should point out that 
for some hourly time steps in Darwin, the average building indoor temperature is 
higher than 24oC. This is because the outdoor air humidity ratio is so high that the 
desiccant wheel could not dehumidify the outdoor air to its setpoint condition in these 
hours, leading to a higher supply air temperature in these periods. But its monthly 
averaged temperature can meet the indoor design condition. 
For the VAV system, the building temperature can meet 24 oC in summer but 
above 22 oC in winter. This is because the VAV system uses recirculation air mode to 
reduce outdoor air flow rate. Additionally, in winter months, cooling is still required 
 66 Chapter 4: System Development 
at times such as from 10am to 5pm, when the lighting and equipment percentages reach 
the maximum fraction, leading to 24°C indoor temperature. 
Figure 4.13 shows the monthly building cooling and heating loads. The results 
show that in winter seasons there are both cooling and heating requirements, but 
cooling is still dominant. Therefore, only in some morning and evening hours the 
system operates in heating mode, which could achieve 20oC. This also proves that the 
building model and the HVAC system are created correctly. 
 
 
Figure 4.13. Building cooling and heating load 
4.4.3 Validation by Building Orientation 
Building orientation can also provide confidence in the building model 
validation. The building orientation validation is based on the conventional VAV 
system and the climate location in Brisbane.  
 Chapter 4: System Development 67 
The impact of building orientation will be conducted by comparing the building 
heating and cooling loads as well as the building energy consumption of two building 
orientations: the base case long axis East-West and the alternative long axis North-
South.  
Figure 4.14 demonstrates the total building cooling and heating load of different 
building orientations. It is obvious that the long axis East-West orientation has a lower 
total building cooling and heating load than the long axis North-South orientation. The 
total building cooling load is 294.33 MWh for the long axis East-West orientation and 
317.92 MWh for the long axis North-South orientation respectively. And the total 
building heating load is 24.91 kWh for the long axis East-West orientation and 54.15 
kWh for the long axis North-South orientation respectively.  
 
Figure 4.14. Total building cooling and heating load of different building orientations 
The annual total building energy consumption of the two different orientations 
is presented in the following figure. 
 
Figure 4.15. Annual building energy consumption of different building orientations 
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It shows that the long axis East-West orientation consumes less energy for fans, 
pumps, heating and cooling than the long axis North-South orientation. This is because 
of the lower cooling and heating loads of the long axis East-West orientation. It is 
estimated that the long axis North-South orientation requires 18.1%, 17.6% and 12.4% 
more electricity energy than the long axis East-West orientation in terms of fans, 
pumps and cooling respectively. Therefore, the long axis East-West orientation has a 
better energy performance than the long axis North-South orientation. These results 
are in accordance with ACADS-BSG (2002b), which also proves that the building 
model is constructed correctly.  
4.5 SUMMARY OF SYSTEM DEVELOPMENT 
This chapter has detailed the development of the proposed solar assisted air 
conditioning systems. As an extension of the research design procedure discussed in 
Chapter 3, this chapter has further demonstrated the modelling fundamentals and 
principles of each solar assisted cooling system with the referenced conventional VAV 
system, including three different solar collector types and three different cooling 
subsystems. The building and system validation has also been conducted in Section 
4.4, which provided the reliability for the analysis of the simulation results in the 
following chapter.  
This chapter demonstrated that both the conventional VAV system and the 
proposed solar cooling system could meet the cooling and heating design conditions 
in each city. Darwin has the highest building cooling energy consumption due to the 
largest building cooling load, which is followed by Brisbane, Perth, Sydney, and 
Adelaide. While Hobart has the lowest cooling energy consumption followed by 
Canberra and Melbourne. In addition, the heating load is more dramatic in Canberra, 
Hobart and Melbourne than in other cities. However, compared with the cooling load, 
cooling requirement is still the dominant in these cities. Finally, the long axis East-
West orientation is more energy efficient than the long axis North-South orientation. 
These findings are corresponded with the climatic characteristics for each city and thus 
can provide confidences for the building and system validation.   
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Chapter 5: Results and Discussions 
This chapter compares and analyses the simulation results of each proposed solar 
assisted air conditioning system for the typical office building in all eight Australian 
capital cities. Section 5.1 presents and discusses the solar fraction performances of 
using different solar collector types and different solar cooling systems respectively. 
Section 5.2 then investigates the system COP performances of using different solar 
collector types and various solar cooling systems respectively. Section 5.3 compares 
the annual energy consumption of all proposed solar assisted cooling systems with the 
referenced conventional VAV system. This is followed by the illustration of the annual 
energy savings and annual CO2 emissions reduction in Section 5.4. Section 5.5 then 
analyses the economic performances of various solar assisted air conditioning systems 
in terms of PBP, LCC and NPV. Finally, a summary is given in Section 5.6. 
5.1 RESULTS AND DISCUSSION OF SOLAR FRACTION 
As mentioned in Section 3.3.1, SF is the most important technical indicator to 
assess the feasibility of the solar cooling systems. The higher the SF, the greater the 
contribution of solar energy to the system. This section has discussed the simulation 
results of the system SF performance, which are divided into two parts. Section 5.1.1 
has evaluated the SF performance when using different collector types and Section 
5.1.2 has investigated the SF performance when using different solar air conditioning 
systems. 
5.1.1 SF When Using Different Collector Types 
This section is mainly focused on the assessment of the system SF performance 
when using different solar collectors. Therefore, only the SDEC system will be 
involved in the comparison of the three collector types, namely SDEC-ST system, 
SDEC-PV system, and SDEC-PVT system. Figure 5.1 shows the monthly solar 
fraction of the SDEC system using three different solar collector types for each capital 
city.
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Figure 5.1. Monthly solar fraction of the SDEC system using different solar collectors 
It indicates that for each city, using a PVT collector can obtain the highest solar 
fraction in every month. This is because of the production of both thermal heat and 
electricity energy by the PVT collector. However, the SF when using a PV panel is the 
lowest among the three solar collector types due to low PV efficiency and high 
electricity consumption for regeneration. 
In addition, for all three collectors, the SF in summer is higher than in winter 
except in Darwin, which is mainly caused by the following reasons. Firstly, the solar 
radiation is much higher during summer seasons than in winter seasons, leading to 
 Chapter 5: Results and Discussions 71 
more available solar energy gains from the sun. Furthermore, the SF is counted only 
when regeneration is required by the desiccant wheel as mentioned in Section 3.3.1. 
In winter periods, the outdoor air humidity ratio is mostly below the desiccant wheel 
dehumidifying actuator setpoint of 0.008 kg/kg, which is set by the control strategy. 
Therefore, the SF will not be counted even if solar energy is being collected at that 
moment. This could also explain why there is no SF in some winter months for some 
climate locations such as Adelaide, Canberra, Hobart, Melbourne and Sydney. In 
contrast, the SF is higher in winter periods from April to November in Darwin and 
lower in summer from December to March. This is because in Darwin, the solar 
radiation in winter months is much higher than in summer months, and the outdoor air 
humidity ratio is mostly above 0.008 kg/kg all year round, leading to a greater 
contribution of solar energy to the system in winter months. This is also coincided with 
the solar radiation map shown in Figure 3.1. 
Figure 5.2 shows that, when comparing all eight cities, Darwin could achieve the 
highest SF, about 1.45 for PVT, 0.78 for ST, and 0.65 for PV annually. Brisbane has 
the second largest yearly SF followed by Perth, Adelaide and Sydney. However, only 
the PVT collector could achieve a yearly SF of above 1, reaching 1.31 for Brisbane, 
1.24 for Perth, 1.12 for Adelaide and 1.1 for Sydney. The annual SF for Hobart is the 
lowest, only 0.87 for PVT, 0.49 for ST, and 0.18 for PV respectively. 
 
Figure 5.2. Annual solar fraction of the SDEC system using different solar collectors 
5.1.2 SF when Using Different Solar Cooling Systems 
This section is mainly focused on the assessment of the system SF performance 
when using different solar assisted cooling systems. Therefore, only the ST collector 
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will be selected in the comparison of the three different solar cooling systems, namely 
SDEC-ST system, SDCC-ST system, and SAC-ST system. The monthly SF results of 
using different solar assisted cooling systems are presented in Figure 5.3 below.
 
 
 
 
Figure 5.3. Monthly SF when using different solar cooling systems 
Figure 5.3 shows that for all three solar cooling systems, the SF in summer is 
higher than that in winter for all cities except Darwin. This is caused by the same 
reasons which were discussed in Section 5.1.1. However, it should be pointed out that 
for Adelaide in July, Hobart in September and Sydney in August, it is quite apparent 
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that there is no SF for the SDEC system and SDCC system, but the SF for the SAC 
system is not zero. This is because in these months, the local outdoor air humidity ratio 
is below 0.008 kg/kg and dehumidification is not required for the whole month. Thus, 
the SF will not be counted in these months for the SDEC system and the SDCC system. 
However, cooling is still needed in these months, which calls for the operation of the 
absorption chiller in the SAC system. Therefore, only the SAC system has SF values 
in these months in the aforementioned cities. In some winter months in Canberra, 
Hobart and Melbourne, the SF is zero for all three solar cooling systems, which means 
neither dehumidification nor cooling is required.  
Figure 5.4 below presents the annual average SF when using different solar 
cooling systems. It indicates that the SDEC system has the largest annual SF for all 
cities on the whole, and the SDCC system has the lowest SF, except in Canberra and 
Hobart. For the SDEC system, Brisbane, Darwin and Perth have a similar annual SF 
of about 0.76, which is the largest. For the SDCC system, Brisbane has the highest 
annual SF of 0.64, followed by 0.6 in Perth and 0.52 in Sydney. For the SAC system, 
the largest annual SF happens in Darwin, reaching 0.77, followed by 0.72 in Brisbane. 
The solar energy contribution for Hobart is the smallest, only 0.49 for SDEC, 0.38 for 
SDCC, and 0.33 for SAC respectively. 
 
Figure 5.4. Annual solar fraction when using different solar cooling systems 
5.2 RESULTS AND DISCUSSION OF SYSTEM COP
This section evaluated the simulation results of system COP. Section 5.2.1 
demonstrated the system COP when using different solar collector types, and Section 
5.2.2 investigated the system COP when using different solar cooling systems.  
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5.2.1 System COP When Using Different Collector Types 
Similar to the SF discussion in Section 5.1.1, only the SDEC system is involved 
in analysing the system COP results when using different solar collector types in this 
section. The system COP results when using different solar collectors for each capital 
city are illustrated in Figure 5.5.
 
 
 
 
Figure 5.5. Monthly COP of the SDEC system using different solar collectors 
The results show that for each city, the ST and PVT integrated systems have 
similar monthly system COP and they are both slightly larger than the PV system. This 
indicates that the solar collector types will not distinctly influence the solar air 
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conditioning system COP. The reason is that for one given solar cooling system, the 
system total cooling capacity and the required driving energy are independent of the 
solar collector types. This is caused by the adopted COP calculation method described 
in Section 3.3. In this research, the 𝑊𝑖𝑛 refers to the total energy required for driving 
the solar cooling system, and it does not distinguish how much energy from renewable 
or external electricity. Therefore, under this condition, the solar collector types will 
not significantly affect the system COP. The annual system COP demonstrated in the 
following figure also clearly proves this conclusion. 
 
Figure 5.6. Annual system COP when using different solar collector types 
5.2.2 System COP When Using Different Solar Cooling Systems 
Similar to the SF discussion in Section 5.1.2, only the ST collector is selected 
for the system COP analysis for different solar cooling systems in this section. The 
different solar cooling systems monthly COP results are illustrated in Figure 5.7. 
It shows that for all three solar cooling systems, the system COP in summer 
months is much higher than the COP in winter seasons. This is mainly because of the 
larger cooling demand in summer periods. It also points out that in some winter 
months, especially for Adelaide, Canberra, Hobart and Melbourne, the SDCC system 
COP is quite high, but for the SDEC system and SAC system, the system COP is zero. 
This is also caused by the dehumidifying control and the COP calculation method. The 
outdoor air humidity ratio in winter months in Adelaide, Canberra, Hobart and 
Melbourne is mostly below 0.008 kg/kg. Therefore, the desiccant wheel in the SDEC 
system and SDCC system will not be in operation but cooling is still required for some 
time steps. Thus, for the SDEC system, the system COP is not counted, while for the 
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SDCC system, the COP is counted because of the operation of the chiller. This leads 
to a relatively high SDCC system COP in winter for low humidity ratio climatic zones 
such as Adelaide, Canberra, Hobart and Melbourne. For humid and moderate climates 
such as Darwin, Brisbane, Perth and Sydney, the SDEC system and SDCC system has 
a larger COP than the SAC system due to large dehumidifying effect. This could also 
be proved in Figure 5.8 below.  
 
 
 
 
Figure 5.7. Monthly COP when using different solar cooling systems 
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Figure 5.8. Annual COP of different solar cooling systems 
Comparing all eight locations, Figure 5.8 also implies that Darwin has the 
highest yearly system COP about 4.08 for the SDEC system, 3.49 for the SDCC 
system, and 0.95 for the SAC system. Brisbane has the second largest annual system 
COP of 1.46 for the SDEC system, 0.99 for the SDCC system, and 0.88 for the SAC 
system. This is followed by Perth, Sydney, Adelaide, Melbourne, Canberra and 
Hobart. Hobart could only achieve the yearly system COP of 0.26 for SDEC, 0.51 for 
SDCC and 0.39 for the SAC system respectively.  
Another method used to evaluate the solar cooling system efficiency is the 
energy efficient ratio (EER). It is more visual when comparing different systems to 
reflect the energy performance. It is defined as the total system cooling effect to the 
total HVAC electricity consumption from the city electricity grid, which can be 
expressed in Eq. (5.1) below: 
𝐸𝐸𝑅 =
𝑄𝐶
𝑊ℎ𝑣𝑎𝑐
                                                          (5.1) 
 The annual EER of different solar cooling systems compared with the 
referenced conventional VAV system is presented in the following figure. 
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Figure 5.9. Annual EER of different solar cooling systems and the referenced VAV system 
It demonstrates that generally the SDEC system has the largest annual EER 
followed by the SAC system, while the conventional VAV system has the lowest 
annual EER. Darwin could obtain the largest annual EER of 17.4 for SDEC, 5.9 for 
SDCC, 4.7 for SAC and 2.3 for VAV. This is followed by Brisbane, Perth, Sydney, 
Adelaide, Canberra, Melbourne and Hobart. This indicates that the SDEC system 
should have the greatest potential to save electrical energy compared with the 
conventional VAV system, especially for humid climates like Darwin and Brisbane. 
For cold and dry climates such as Canberra, Hobart and Melbourne, the SAC system 
has the most potential for energy savings.  
5.3 RESULTS AND DISCUSSION OF ANNUAL ENERGY 
CONSUMPTION 
This section discussed the energy performance of the proposed solar assisted 
cooling systems in comparison with the referenced conventional VAV system. Section 
5.3.1 analysed the energy performance of the ST integrated solar cooling systems. 
Section 5.3.2 evaluated the PV integrated solar cooling systems and Section 5.3.3 
discussed the results of PVT integrated solar cooling systems.  
5.3.1 Different Systems with an ST Collector 
For all systems, the annual lighting and equipment electricity consumptions are 
the same in all cities because of the same load intensity, accounting for 546.71 GJ and 
549.37 GJ respectively. Thus, Figure 5.10 below only demonstrates the annual HVAC 
electrical energy consumption of different solar assisted air conditioning systems using 
an ST collector.  
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Figure 5.10. Annual HVAC energy consumption breakdown using an ST collector 
From the HVAC electricity consumption breakdown, it can be seen that the 
conventional VAV system and the SDCC system are the two largest consumers of 
electricity due to the substantial chiller plant consumption for cooling. It was also 
found that the main end use differences lie in the pumps, fans, backup heater and 
cooling.  
For pump consumptions, the SDEC system consumes much less energy than the 
other three systems because of no central plant pumps consumption.  
For fan consumptions, the SDEC system consumes the least fan electricity and 
the SDCC system consumes the most electricity except in Darwin, while the VAV 
system and SAC system has similar fan consumptions. This is because for a 
conventional VAV system, SDCC system and SAC system, there is an outdoor air 
reset control on the chilled water supply temperature setpoint which is aforementioned 
in Section 4.1. When the outdoor air temperature is above 26.7oC, the chiller produced 
chilled water temperature will be set to 6.7oC. When the outdoor air temperature is 
below 15.6oC, the chiller produced chilled water temperature will be set to 12.2oC. 
And if the outdoor air temperature is between the outdoor high and outdoor low 
temperatures, the chilled water supply setpoint temperature will be linearly 
interpolated between 6.7oC and 12.2oC. This will cause a higher supply air temperature 
and thus a larger supply air flow rate in cold seasons. Therefore, the fan energy 
consumption advantage for a SDEC system is more apparent in cold climates. In 
addition, the SDCC system has a larger supply air flow rate than the VAV and SAC 
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systems due to a pressure drop in the dehumidification components, leading to larger 
fan consumptions. However, for Darwin, due to the dramatically high outdoor air 
humidity ratio and the limited desiccant wheel dehumidifying capacity, the direct 
evaporative cooler could only cool the supply air to its wet bulb temperature at most, 
which means that the supply air temperature of the SDEC system could not be as low 
as that of other systems, causing a larger supply air flow rate and consequently, more 
fan consumption in Darwin.  
For backup heater electricity consumption, the SAC system consumes the least 
energy and the SDCC system consumes the most energy except in Darwin. In Darwin, 
the SAC consumes the largest amount of backup electricity, about 291 GJ, while the 
desiccant assisted systems require almost no backup energy. This is because for the 
desiccant assisted cooling systems, the sensible heat exchanger can recover much more 
energy and achieve a higher air temperature at the heat exchanger regeneration stream 
outlet node in Darwin due to a high outdoor air temperature. Since the regeneration 
temperature is set to 50oC, it is possible that the regeneration temperature entering the 
regeneration heating coil is already at 50oC after heat exchange. Thus, no regeneration 
energy is required at these situations which results in reduced backup energy demands. 
For cooling consumption, the SDEC system consumes the least energy for the 
cooling component because it uses an evaporative cooler to provide a cooling effect. 
This usually can be negated compared with other end-use consumptions. The SAC 
system also requires much less energy for cooling than the VAV and SDCC systems 
because the absorption chiller is powered by the thermal heat energy and the electricity 
input is much lower than the conventional vapour compression chiller. It was also 
noted that the cooling consumption of the SDCC system is smaller than the VAV 
system. This is because the vapour compression chiller in the SDCC system only deals 
with the sensible load, while in the conventional VAV system, the chiller deals with 
both sensible and latent load. Therefore, the use of desiccant dehumidifying could 
reduce the chiller cooling capacity and energy consumption. 
The following figure summarises the total building electricity consumption of 
the proposed solar cooling systems using an ST collector compared with the VAV 
system. It shows that the SDEC system consumes the least energy for hot and humid 
climates like Adelaide, Brisbane, Darwin, Perth and Sydney. In cold weather climates 
such as Canberra, Hobart and Melbourne, the SAC consumes the least energy. In 
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addition, the energy efficient advantage of the SDCC system is not so obvious when 
compared with the other two solar cooling systems. 
 
Figure 5.11. Annual building energy consumption of different solar cooling systems using ST 
5.3.2 Different Systems with a PV Panel 
Since the SAC system uses a thermally driven absorption chiller, this section 
only compares the energy performance of the VAV-PV, SDEC-PV and SDCC-PV 
systems with the referenced VAV system. For the two desiccant assisted cooling 
systems, an electric regeneration heating coil is used instead of the hot water 
regeneration heating coil. It assumes that the PV produced electricity is not only used 
by the electric regeneration heating coil, it can also be used by other HVAC 
components, lighting and equipment. It also assumes that the PV generator is grid-
connected and thus can obtain electricity from or export it to the city electricity grid. 
Considering the on-site electricity generation of the PV panels as is shown in Table 
5.1, the net annual energy consumption is illustrated in Figure 5.12 below. 
Table 5.1 
PV Electricity Output 
PV Output 
(GJ) 
Adelaide Brisbane Canberra Darwin Hobart Melbourne Perth Sydney 
1012.3 1010.23 998.94 1086.85 803.88 826.12 1062.84 1004.28 
 
It is obvious that for the same PV configurations of 720 m2 and 0.2 cell 
efficiency, Darwin could produce the most electricity of 1086.85 GJ, followed by 
Perth, Adelaide, Brisbane, Sydney and Canberra, which are all around 1000 GJ. Hobart 
and Melbourne could only harvest 803.88 GJ and 826.12 GJ annual PV electricity 
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respectively, which are the lowest. These results are also in accordance with the solar 
radiation map illustrated in Figure 3.1 in Section 3.1.2. 
 
Figure 5.12. Annual building energy consumption of different solar cooling systems using PV 
Figure 5.12 indicates that for each city, the VAV-PV system consumes the least 
energy annually. The SDEC-PV system consumes the second least annual energy, 
followed by the SDCC-PV system. And they are all more energy efficient than the 
conventional VAV system due to substantial PV electricity generation. 
5.3.3 Different Systems with a PVT Collector 
The PVT integrated solar assisted cooling systems produce both solar thermal 
energy and electrical energy. The produced thermal hot water energy is used for 
driving the desiccant wheel or absorption chiller, and the PV produced electricity is 
connected to the city electricity grid for building electrical components consumption. 
Since the PVT system has the same cell efficiency as the PV system, the PVT electrical 
output is the same as that of the PV system.  
Figure 5.13 below demonstrates the net annual building energy consumption 
when using a PVT collector for each city compared with the referenced conventional 
VAV system. It indicates that the PVT integrated solar cooling systems consume much 
less energy than the conventional VAV system because of both electrical and thermal 
energy generation. The SDEC-PVT system is the most efficient for all cities except 
Melbourne. In Melbourne the SAC-PVT system is the most efficient. 
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Figure 5.13. Annual building energy consumption of different solar cooling systems using PVT 
5.3.4 Summary of the Annual Energy Consumption Results 
A summary of the annual net energy consumption for various HVAC systems is 
presented in Table 5.2 below. The red colour indicates the best case for each city. This 
is also applied to Table 5.3~Table 5.8. 
Table 5.2 
Annual Energy Consumption of Various HVAC Systems (GJ) 
  ADL BNE CBR DRW HBA MEL PER SYD 
 Ref. VAV 1487.09 1716.79 1420.65 2121.26 1304.57 1385.26 1547.72 1598.93 
ST 
SDEC-ST 1253.32 1324.4 1291.6 1375.33 1255.89 1258.46 1268.68 1346.47 
SDCC-ST 1488.35 1672.44 1421.45 1808.03 1338.22 1428.91 1532.88 1618.49 
SAC-ST 1284.32 1392.09 1269.28 1657.58 1236.63 1250.54 1291.88 1346.37 
PV 
SDEC-PV 643.78 1292.79 724.3 1228.7 712.78 907.44 904.47 1130.2 
SDCC-PV 872.71 1730.25 861.74 1418.46 797.83 1082.58 1183.05 1458.39 
VAV-PV 470.87 702.63 395.57 1023.78 486.82 543.54 478.32 572.85 
PVT 
SDEC-PVT 243.13 306.83 274.82 309.55 450.19 449.39 214.84 331.18 
SDCC-PVT 477.45 687.25 423.56 733.96 538.64 630.3 477.53 632.99 
SAC-PVT 276.57 363.55 285.94 805.15 452.36 440.33 237.26 340.58 
 
This table clearly illustrates that the PVT integrated solar assisted cooling 
systems consume the least electrical energy annually. For Melbourne, the energy 
consumption for SAC-PVT system is the lowest, with only 440.33 GJ. For other cities, 
the SDEC-PVT system is the most energy efficient alternative. 
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5.4 ANNUAL CO2 EMISSIONS REDUCTION 
The annual CO2 emissions reduction of different solar assisted cooling systems 
to the conventional VAV system is based on the system annual energy savings and the 
CO2 emission factors. According to the discussions in Section 5.3, the annual energy 
savings can be summarised in the following table based on Eq. (3.15). 
Table 5.3 
Annual Energy Saving of Various Solar Cooling Systems (GJ) 
  ADL BNE CBR DRW HBA MEL PER SYD 
ST 
SDEC-ST 233.77 392.39 129.05 745.93 48.68 126.8 279.04 252.46 
SDCC-ST -1.26 44.35 -0.8 313.23 -33.65 -43.65 14.84 -19.56 
SAC-ST 202.77 324.7 151.37 463.68 67.94 134.72 255.84 252.56 
PV 
SDEC-PV 843.31 424 696.35 892.56 591.79 477.82 643.25 468.73 
SDCC-PV 614.38 -13.46 558.91 702.8 506.74 302.68 364.67 140.54 
VAV-PV 1016.22 1014.16 1025.08 1097.48 817.75 841.72 1069.4 1026.08 
PVT 
SDEC-PVT 1243.96 1409.96 1145.83 1811.71 854.38 935.87 1332.88 1267.75 
SDCC-PVT 1009.6 1029.54 997.09 1387.3 765.93 754.96 1070.19 965.94 
SAC-PVT 1210.52 1353.24 1134.71 1316.11 852.21 944.93 1310.46 1258.35 
 
Then, the annual CO2 emissions reduction of each proposed solar cooling system 
for each city can be summarised in Table 5.4 based on Eq. (3.16) and Table 3.4.  
Table 5.4 
Annual CO2 Emissions Reduction (ton) 
  ADL BNE CBR DRW HBA MEL PER SYD 
ST 
SDEC-ST 52.64 109.08 38.03 155.53 4.47 47.59 72.14 74.39 
SDCC-ST -0.28 12.33 -0.24 65.31 -3.09 -16.38 3.84 -5.76 
SAC-ST 45.66 90.27 44.61 96.68 6.23 50.56 66.14 74.42 
PV 
SDEC-PV 189.90 117.87 205.20 186.10 54.29 179.33 166.31 138.13 
SDCC-PV 138.35 -3.74 164.70 146.53 46.49 113.60 94.28 41.41 
VAV-PV 228.83 281.94 302.07 228.82 75.02 315.90 276.48 302.37 
PVT 
SDEC-PVT 280.11 391.97 337.65 377.74 78.38 351.23 344.60 373.58 
SDCC-PVT 227.35 286.21 293.82 289.25 70.27 283.34 276.69 284.64 
SAC-PVT 272.58 376.20 334.38 274.41 78.18 354.63 338.81 370.81 
 
A sample of the annual CO2 emissions reduction calculation is given based on 
the SDEC-ST system in Brisbane location. Table 5.2 shows that in Brisbane, the 
annual energy consumption of the conventional VAV system and the SDEC-ST 
system is 1716.79 GJ and 1324.4 GJ respectively. Therefore, the annual energy savings 
𝐸𝑆𝑎𝑣𝑒𝑑 is 1716.79-1324.4=392.39 GJ. The CO2 emission factor is 1.00 for Brisbane 
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according to Table 3.4. Thus, the annual CO2 emission reduction for the SDEC-ST 
system in Brisbane is 1.00*392.39*0.278=109.08 t.  
From Table 5.4, it is clear that overall, the SDEC-PVT system could avoid the 
most annual CO2 emissions except in Melbourne. For Melbourne, the SAC-PVT 
system reduces the most CO2 emissions to about 354.63 t annually, which is followed 
by the SDEC-PVT system with 351.23 t. However, the differences in the reduction of 
the CO2 emissions between the SDEC-PVT system and the SAC-PVT system are not 
huge for all cities. In addition, due to a higher CO2 emission factor and substantial 
energy savings, Brisbane could achieve the largest annual CO2 emissions reduction for 
PVT integrated solar cooling systems. Darwin could avoid the most CO2 emissions for 
ST equipped solar cooling systems. The annual CO2 emissions reduction results 
strongly coincide with the annual electricity energy savings results.  
5.5 RESULTS AND DISCUSSION OF ECONOMIC PERFORMANCES 
As aforementioned in Section 3.3.3, the economic performance evaluation for 
each solar assisted cooling system focuses on the assessment of PBP, LCC and NPV. 
The detailed cost calculation and economic variables are listed in Appendix C. Thus, 
this section only discusses the results of the economic performance for each system. 
5.5.1 Payback Period 
A summary of the IC and OC of different HVAC systems for each city is 
demonstrated in Appendix C Table C6 to Table C13. The payback period of the 
proposed solar assisted air conditioning systems for each city is presented in Table 5.5. 
A sample calculation of the PBP is given in Appendix D.  
Table 5.5 
Payback Period of Different Solar Cooling Systems 
PBP (yrs) 
VAV SDEC SDCC SAC 
PV ST PV PVT ST PV PVT ST PVT 
Adelaide 12.6 16.3 8.8 11.1 68.9 14.5 15.9 23.9 13.1 
Brisbane 16.3 13.5 15.5 12.0 45.8 50.9 18.3 21.6 14.8 
Canberra 28.9 27.3 16.8 22.6 58.0 24.2 30.2 35.0 26.2 
Darwin 9.5 6.0 6.8 6.4 18.7 11.4 10.0 12.7 10.2 
Hobart 28.7 31.2 16.4 23.9 61.8 22.1 30.4 38.8 27.1 
Melbourne 10.3 18.0 9.9 10.0 86.5 16.3 13.6 24.2 11.6 
Perth 11.3 14.3 10.2 9.9 53.3 18.8 13.9 20.5 11.7 
Sydney 12.8 15.4 13.0 10.9 65.6 31.0 16.1 21.0 12.8 
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The PBP is the function of both initial investment savings and operating cost 
savings between each solar cooling system and the conventional VAV system. 
Therefore, it differs with different solar system configurations and collector types. For 
solar thermal collector equipped solar cooling systems, the SDEC system has the 
shortest PBP and the SDCC system has the highest PBP for all eight Australian capital 
cities. This is because the SDEC-ST system has a lower initial cost and higher 
operating cost savings than the SDCC-ST system and SAC-ST system. The shortest 
PBP for the ST coupled system happens in Darwin, only 6.0 years when working with 
the SDEC system. For PV integrated solar cooling systems, the SDEC system also has 
the lowest PBP for all cities, followed by the VAV-PV and SDCC-PV overall. The 
PBP for SDEC-PV in Darwin is only 6.8 years, which is the shortest among all cities, 
with 16.4 years for Hobart and 16.8 years for Canberra. For PVT coupled solar cooling 
systems, the SDEC system still has the shortest PBP, followed by the SAC-PVT 
system and SDCC-PVT system. This proves that no matter what types of solar 
collectors are being used, the SDEC system has the best PBP performance while the 
SDCC system has the longest PBP. It could also be noted that, except in Canberra and 
Hobart, the SDCC-PV system has a longer PBP than the VAV-PV system. This also 
indicates that there is not much potential for energy savings for the SDCC system 
compared with the conventional VAV system. 
In addition, the PBP is quite different for the same cooling system when using 
different solar collectors in different locations. For the SDEC system, Adelaide, 
Canberra, Hobart and Melbourne have the shortest PBP when using PV panels of 8.8 
years, 16.4 years, 16.4 years, and 9.9 years respectively. The shortest PBP for 
Brisbane, Perth and Sydney is SDEC-PVT with 12 years, 9.9 years, and 10.9 years 
respectively. For Darwin, using SDEC-ST achieves the shortest PBP. However, with 
the SDCC system, the ST integrated system has the highest PBP for all cities. The 
SDCC-PV system is only advantageous in Adelaide, Canberra and Hobart, while for 
the other six cities, the SDCC-PVT system has the lowest PBP. With the SAC system, 
using PVT could achieve the lowest PBP because of substantial savings in electrical 
energy compared with ST. 
Finally, Darwin has the best PBP performance among all climates, especially 
when using the SDEC system. While Canberra and Hobart have the longest PBP—
more than 16 years—due to low electrical savings and high initial system costs. 
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5.5.2 Life Cycle Cost 
The life cycle cost of the proposed solar assisted air conditioning systems is 
demonstrated in the following table. A sample of the LCC calculation is given in 
Appendix D. Table 5.6 shows that for Adelaide, Canberra and Hobart, the SDEC-PV 
system has the lowest LCC, with only 0.9635 million, 0.8048 million and 0.843 million 
dollars respectively. For Brisbane, Darwin, Melbourne, Perth and Sydney, the SDEC-
PVT system has the lowest LCC. In addition, the SDCC system has the highest LCC 
overall compared with other solar cooling system alternatives when using the same 
solar collector. This is because with the SDCC system, the annual energy savings 
potential is not quite significant, but it requires a much greater initial investment cost 
than the conventional VAV system. The SDEC system could achieve enormous energy 
savings when using PV and PVT panels and the operating cost is much lower than the 
conventional system.   
Table 5.6 
Life Cycle Cost of Different Solar Cooling Systems 
M $ 
VAV SDEC SDCC SAC 
Ref. PV ST PV PVT ST PV PVT ST PVT 
ADL 1.1529 1.1295 1.2048 0.9635 1.0345 1.4353 1.1909 1.2647 1.3140 1.1450 
BNE 1.0938 1.1798 1.0983 1.1454 1.0331 1.3230 1.4046 1.2704 1.2355 1.1661 
CBR 0.7255 0.9785 0.8699 0.8048 0.9749 0.9858 0.9224 1.0949 0.9485 1.0608 
DRW 1.7158 1.5342 1.4130 1.3842 1.1006 1.8169 1.6422 1.4996 1.6993 1.5151 
HBA 0.7694 1.0211 0.9338 0.8430 1.0391 1.0327 0.9426 1.1396 1.0059 1.1170 
MEL 1.4331 1.2966 1.5051 1.3083 1.2426 1.7057 1.5122 1.4508 1.5977 1.3344 
PER 1.2275 1.1483 1.2474 1.1170 1.0265 1.4781 1.3552 1.2564 1.3561 1.1347 
SYD 1.1979 1.1821 1.2344 1.1896 1.0739 1.4583 1.4406 1.3122 1.3287 1.1728 
 
It should also be noted that except for Canberra and Hobart, the SDEC systems 
have a lower LCC than the referenced conventional VAV system. This indicates that 
the SDEC systems have a greater economic benefit than the conventional VAV system 
in Adelaide, Brisbane, Darwin, Melbourne, Perth and Sydney from the life cycle cost 
aspect. 
When comparing different locations, Canberra and Hobart are the two cities with 
the lowest LCC, which is under one million dollars overall. This is due to the lowest 
annual electricity consumption and fuel cost in these cities. Melbourne and Darwin are 
the ones with the highest LCC. This is because of the high fuel cost in Melbourne and 
large annual energy consumption in Darwin. 
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5.5.3 Net Present Value 
The NPV of different solar assisted cooling system alternatives is summarised 
in Table 5.7 below. It indicates that only Darwin could achieve a positive NPV 
throughout the system’s lifetime. A sample of the NPV calculation is given in 
Appendix D. 
For Darwin, all three SDEC systems could result in a net benefit during their 
lifespan. The SDEC-PVT system could achieve the highest NPV of $378,590, 
followed by the SDEC-PV of $94,985 and the SDEC-ST of $66,185. No system could 
achieve positive NPV in other cities. However, for Adelaide, Canberra and Hobart, the 
SDEC-ST system could result in the least NPV losses, while for Brisbane, Melbourne, 
Perth and Sydney, the SDEC-PVT system results in the least NPV losses. It should be 
noted that all the largest NPV values occur in the SDEC system, which indicates that 
the SDEC system has the most economic benefits out of the proposed solar assisted 
cooling alternatives. 
Table 5.7 
Net Present Value of Different Solar Cooling Systems 
NPV ($) 
VAV SDEC SDCC SAC 
PV ST PV PVT ST PV PVT ST PVT 
ADL -191458 -266721 -25389 -96463 -497211 -252883 -326609 -375973 -206908 
BNE -311973 -230428 -277528 -165296 -455147 -536790 -402519 -367635 -298272 
CBR -462271 -353706 -288600 -458686 -469633 -406184 -578750 -432329 -544642 
DRW -55020 66185 94985 378590 -337761 -163008 -20383 -220138 -35931 
HBA -455865 -368557 -277714 -473789 -467430 -377329 -574346 -440586 -551745 
MEL -80904 -289475 -92578 -26927 -489985 -296523 -235089 -382050 -118680 
PER -137490 -236674 -106275 -15736 -467356 -344463 -245649 -345294 -123959 
SYD -208269 -260568 -215843 -100136 -484501 -466813 -338403 -354887 -199030 
 
It should be pointed out that the current NPV analysis is based on Eq. (3.21) 
mentioned in Section 3.3.3, which is expressed for an existing building that its 
conventional HVAC system is totally replaced by the renewable energy system 
alternatives. However, for a newly constructed or archetypical building, to evaluate if 
the solar cooling system alternatives would result in a net benefit during the lifespan 
compared to the conventional HVAC system, using the additional investment cost 𝛥𝐼𝐶 
is more reasonable in this research for calculating the NPV. Therefore, the new NPV’ 
could be expressed in the following equation: 
𝑁𝑃𝑉′ = ∆𝑂𝐶 × 𝑃𝑊𝐹 − 𝛥𝐼𝐶                                          (5.2) 
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where 𝛥𝐼𝐶 is the additional initial investment cost between the solar cooling systems 
and the referenced conventional VAV system. Thus, the new NPV’ could be 
summarised in Table 5.8 below. A sample of the NPV’ calculation is also given in 
Appendix D. 
Table 5.8 
New Net Present Value of the Proposed Solar Cooling Systems 
NPV’ ($) 
VAV SDEC SDCC SAC 
PV ST PV PVT ST PV PVT ST PVT 
ADL 23406 -51861 189471 118397 -282351 -38023 -111749 -161113 7952 
BNE -86020 -4475 -51575 60658 -229194 -310836 -176565 -141681 -72319 
CBR -252972 -144412 -79306 -249392 -260339 -196890 -369456 -223035 -335348 
DRW 181625 302825 331625 615230 -101121 73632 216257 16502 200709 
HBA -251725 -164422 -73579 -269654 -263295 -173194 -370211 -236451 -347610 
MEL 136541 -72035 124862 190513 -272545 -79083 -17649 -164610 98760 
PER 79218 -19971 110428 200967 -250653 -127760 -28946 -128591 92744 
SYD 15808 -36495 8230 123937 -260428 -242740 -114330 -130814 25043 
 
Table 5.8 shows that comparing with the conventional VAV system, all the 
capital cities could result in a net benefit for the application of the solar cooling system 
alternatives except Canberra and Hobart. For Adelaide the SDEC-PV system could 
obtain the highest positive NPV of $189,471. While for Brisbane, Darwin, Melbourne, 
Perth, and Sydney, the highest NPV is the SDEC-PVT system, which is $60,658, 
$615,230, $190,513, $200,967, and $123,937 respectively. This results are also in 
accordance with the LCC results. 
5.6 RESULTS SUMMARY  
This chapter has evaluated the system performance of the proposed solar assisted 
cooling systems in terms of SF, COP, annual energy consumption and CO2 emissions 
reduction, PBP, LCC and NPV. 
According to the comprehensive study of different solar assisted air conditioning 
system alternatives, it can be concluded that using a PVT collector could obtain the 
largest SF due to both thermal and electricity production. While the SF of using a PV 
panel is the smallest because of low PV electricity conversion efficiency and high 
electrical energy consumption by the regeneration heating coil. For different solar 
cooling systems, the SDEC system could result in the highest annual SF for each city, 
which is about 0.62 for Adelaide, 0.77 for Brisbane, 0.55 for Canberra, 0.76 for 
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Darwin, 0.49 for Hobart, 0.5 for Melbourne, 0.75 for Perth, and 0.64 for Sydney. For 
the SDCC system, however, the annual SF is the lowest for Adelaide, Brisbane, 
Darwin, Melbourne, Perth and Sydney. While for Canberra and Hobart, the SAC 
system has the lowest annual SF.  
The system COP result analysis has shown that for the same solar cooling 
system, the system COP is not influenced by the solar collector types, as the system 
cooling effect and total energy input are independent from collector types. Using an 
ST and PVT collector on the SDEC system has the same annual system COP as they 
both use solar hot water thermal energy to provide regeneration. And the relatively 
lower PV yearly system COP is because it uses electricity to provide regeneration and 
the PV efficiency is lower than the solar thermal efficiency.  However, for different 
solar cooling systems, the SDEC system has the highest annual COP in places with a 
high demand for dehumidification, such as Brisbane, Darwin, Perth and Sydney. The 
SDEC system COP could reach 1.46, 4.08, 0.86 and 0.85 respectively. For dry and 
cold winter climates such as Adelaide, Canberra, Hobart and Melbourne, the SDCC 
system has the largest COP because of the chiller effect in the system. However, when 
considering the EER, the SDEC system has the highest annual EER for each city, 
which is consistent with the SF and energy consumption results. This means the higher 
the SF, the higher the system EER and thus, the lower the system energy consumption. 
Related to the annual energy consumption, the SDEC-PVT system consumes the 
least annual electrical energy for Adelaide, Brisbane, Canberra, Darwin, Hobart, Perth 
and Sydney with 243.13 GJ, 306.83 GJ, 274.82 GJ, 309.55 GJ, 450.19 GJ, 214.84 GJ, 
and 331.18 GJ respectively. For Melbourne, the SAC-PVT system consumes the least 
annual electricity with 440.33 GJ. Therefore, the corresponding annual CO2 emissions 
reduction in comparison with the referenced VAV system is 280 t for Adelaide, 392 t 
for Brisbane, 338 t for Canberra, 378 t for Darwin, 78 t for Hobart, 345 t for Perth, 374 
t for Sydney using SDEC-PVT and 355 t for Melbourne using SAC-PVT. 
In relation to economic performance, the SDEC system is the most advantageous 
alternative due to relatively low initial cost and significant operating cost savings. For 
Adelaide, Canberra and Hobart, the SDEC-PV system obtains the lowest PBP and 
LCC as well as the most NPV. For the other five cities, the SDEC-PVT system 
achieves the lowest PBP and LCC, and highest NPV overall. However, under current 
NPV calculation method, only Darwin could achieve the positive NPV for the three 
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SDEC systems. If considering the comparison between the solar cooling system 
alternatives and the conventional VAV system, all cities could achieve the positive 
NPV except Canberra and Hobart. 
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Chapter 6: Sensitivity Analysis 
The purpose of sensitivity analysis is to identify the influence of the design 
parameters on the system performance. In this research paper, the simulation input 
parameters include manufacturer data, EnergyPlus default, software autosizing, 
reference data, and user defined value. Only the user defined parameters have been 
assessed in the sensitivity analysis. Three user defined input parameters have been 
selected for the sensitivity analysis. They are the storage tank volume, solar collector 
area, and backup heater capacity. In addition, for the EMS control strategy applied to 
the desiccant wheel, a sensitivity analysis on the outdoor air humidity ratio setpoint 
which triggers the operation of the desiccant dehumidifying process has also been 
conducted. Since this work is not for system optimisation, and in order to avoid 
substantial simulation procedures, the parametric sensitivity analysis is based on the 
SDEC-ST system and the location is Brisbane. The impacts on the system COP, solar 
fraction, and annual energy consumption of the aforementioned design parameters 
have been evaluated.  
6.1 THE IMPACT OF STORAGE TANK VOLUME 
Storage tank volume is an arbitrary input parameter which is pre-defined by the 
author. Baniyounes et al. (2012) examined varying storage tank volumes on the 
performance of system solar fraction based on a fixed collector area. Therefore, to 
justify this input parameter, five values will be investigated, which are 10 m3, 20 m3, 
30 m3, 40 m3, and 50 m3. The storage tank volume sensitivity examination is based on 
fixed collector area of 576 m2. Figure 6.1 and Figure 6.2 below show the impact of 
changing storage tank volume on the system solar fraction and COP respectively.  
From Figure 6.1, it can be seen that the system SF increased with the increase of 
the hot water storage tank volume. The annual SF could achieve 0.7 when the storage 
tank volume is 10 m3 and goes up to 0.81 when a 50 m3 storage tank is installed. 
However, with the increase of the storage tank volume, the growth of the SF becomes 
less obvious. In addition, the SF increment in June is the smallest, while it is much 
larger in May, September and October. This is because in these months, the solar 
thermal energy availability ratio has increased dramatically with the enhancement of 
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the storage tank volume. The maximum SF happens in September, which is also due 
to the lowest HVAC components electrical power consumption and relatively high 
solar energy utilisation. Therefore, the larger the storage tank volume, the more the 
solar energy utilisation rate. 
 
Figure 6.1. The impact of storage tank volume on solar fraction 
 
Figure 6.2. The impact of storage tank volume on system COP 
Figure 6.2 indicates that the storage tank volume has no impact on the system 
COP under the current COP calculation method discussed in Section 3.3.1. This is 
because the system cooling effect and the total energy input for driving the solar 
cooling system are independent from the storage tank volume. The system cooling 
effect is unchanged and the total system power input is also unchanged with the 
variation of the storage tank volume.  
Certainly, increasing the tank volume would lead to more solar energy utilisation 
𝑄𝑆𝑜𝑙𝑎𝑟  as discussed above but less 𝑊ℎ𝑣𝑎𝑐  as well. Thus, if only considering the 
external electricity power consumption 𝑊ℎ𝑣𝑎𝑐, the system COP would increase with 
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the enhancement of the storage tank volume as is described in the following figure. 
However, this would result in a system COP as high as 20 in summer months. 
 
Figure 6.3. The impact of storage tank volume on system COP when only considering 𝑊ℎ𝑣𝑎𝑐  
Figure 6.4 demonstrates the influence of storage tank volume on the annual 
backup heater energy consumption. The figure shows that increasing the storage tank 
volume will decrease the annual backup heater energy consumption. When adding the 
storage tank volume from 10 m3 to 20 m3, the annual backup heater energy 
consumption will reduce about 64 GJ from 184 GJ to 120 GJ. However, the backup 
heater energy consumption reduction is not in proportion with the storage tank volume 
increment. For every 10 m3 of storage tank volume increment, the backup heater 
energy savings will decrease with the tank volume increases. In other words, the larger 
the storage tank volume is, the smaller the amount of backup heater energy savings 
can be achieved. For instance, when raising the tank volume from 40 m3 to 50 m3, only 
about 13 GJ backup heater energy can be saved. 
 
Figure 6.4. The impact of storage tank volume on annual backup heater energy consumption 
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6.2 THE IMPACT OF THE SOLAR COLLECTOR AREA 
According to Henning (2007), a typical value of the required collector area for a 
solar air conditioning system is about 10 m2 per 1000 m3/h of nominal air flow rate. 
The simulation results indicate that for different Australian capital cities, the design 
supply air flow rates of the proposed solar assisted air conditioning systems range from 
16 m3/s to 22 m3/s. Therefore, four solar collector area values will be selected for the 
sensitivity analysis. They are 576 m2, 648 m2, 720 m2, and 792 m2. This corresponds 
with the design supply air flow rates of 16 m3/s, 18 m3/s, 20 m3/s, and 22 m3/s. The 
impact of collector area on system SF, COP and annual backup heater energy 
consumption are shown in Figure 6.5 to Figure 6.8. This analysis is based on the fixed 
storage tank volume of 40 m3. 
 
Figure 6.5. The impact of the solar collector area on solar fraction 
Figure 6.5 implies that the monthly SF rises with the increase of the solar 
collector area. When improving the installed solar collector area from 576 m2 to 792 
m2, the average annual SF could boost from 0.801 to 0.843. This is because the larger 
the solar collector area, the more energy gains from the sun. It is also noted that in 
winter seasons from April to August, the SF increment is more obvious than in summer 
periods. This is because in winter months, the useful solar energy 𝑄𝑆𝑜𝑙𝑎𝑟  increases 
apparently with the enlargement of the collector area.  
Figure 6.6 below shows the impact of the solar collector area on the system COP. 
It indicates that under current COP calculation conditions, the solar collector area will 
not influence the system COP. This is also because the system cooling effect and the 
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total energy input for driving the solar cooling system are unchanged with the variation 
of the solar collector area.  
 
Figure 6.6. The impact of the solar collector area on system COP 
However, if only considering the external electrical power consumption 𝑊ℎ𝑣𝑎𝑐, 
the system COP will certainly increase with the growth of the solar collector area, as 
is shown in Figure 6.7 because it results in a reduced total HVAC components 
electrical power consumption, especially for a backup heater. 
 
Figure 6.7. The impact of the solar collector area on system COP when only considering 𝑊ℎ𝑣𝑎𝑐  
The following figure illustrates the backup heater energy consumption with the 
solar collector area. It shows that the backup heater energy consumption will decrease 
as the collector area increases. When changing the collector area from 576 m2 to 648 
m2, the backup heater could save 20 GJ electricity energy. However, when the collector 
area continues to increase, the backup heater energy savings become smaller, only 16 
GJ from 648 m2 to 720 m2, and 10 GJ from 720 m2 to 792 m2. In addition, the energy 
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savings effect of increasing the solar collector area is not as dramatic as increasing 
storage tank volume. 
 
Figure 6.8. The impact of the solar collector area on annual building energy consumption 
6.3 SUMMARY OF TANK VOLUME AND THE COLLECTOR AREA 
Storage tank volume and the solar collector area are two important parameters 
that influence the solar cooling system performance. The sensitivity analysis indicates 
that the storage tank volume and solar collector area will not impact the system COP 
but they do have an impact on the system SF under current calculation conditions 
discussed in Section 3.3.1. This is because the storage tank volume and solar collector 
area are independent from the system cooling effect and the total system energy input, 
but they will influence the useful solar energy utilisation stored in the storage tank. 
Increasing storage tank volume and the solar collector area will improve the system 
SF to some extent. In addition, Increasing storage tank volume and the solar collector 
area will obviously reduce backup heater energy consumption. 
Figure 6.9 integrates the impact of storage tank volume and solar collector area 
on the backup heater energy consumption. It clearly shows that the storage tank 
volume has a more dramatic influence than the solar collector area on the backup 
heater annual energy consumption. Figure 6.10 indicates that considering the 
economic factor, using a 40 m3/576 m2 storage tank volume to solar collector area ratio 
has the lowest life cycle cost of $ 345,522. The economic data used to calculate the 
solar subsystem life cycle cost is summarised in Table 6.1. The detailed data resources 
can be found in Appendix C. 
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Figure 6.9. The impact of tank volume and collector area on annual building energy consumption 
 
Figure 6.10. LCC vs. Storage Capacity 
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Table 6.1 
LCC Data of Different Storage Tank Volume and Solar Collector Area Configurations 
Vtank (m3) 10 
AC (m2) 576 648 720 792 
ICsolar 249436 279928 310420 340912 
Ce*EAux 6600.107 6001.104 5505.8189 5277.9879 
Cm 2494.36 2799.28 3104.2 3409.12 
OC 9094.467 8800.384 8610.0189 8687.1079 
LCC ($) 370028.63 396621.1 424588.85 456103.05 
Vtank (m3) 20 
AC (m2) 576 648 720 792 
ICsolar 254936 285428 315920 346412 
Ce*EAux 4933.9106 4242.843 3722.2109 3365.8972 
Cm 2549.36 2854.28 3159.2 3464.12 
OC 7483.2706 7097.123 6881.4109 6830.0172 
LCC ($) 354164.17 379535.8 407167.51 436978.03 
Vtank (m3) 30 
AC (m2) 576 648 720 792 
ICsolar 260436 290928 321420 351912 
Ce*EAux 3992.5782 3363.566 2854.2972 2528.5746 
Cm 2604.36 2909.28 3214.2 3519.12 
OC 6596.9382 6272.846 6068.4972 6047.6946 
LCC ($) 347911.4 374105.9 401888.27 432104.43 
Vtank (m3) 40 
AC (m2) 576 648 720 792 
ICsolar 265936 296428 326920 357412 
Ce*EAux 3342.5897 2745.917 2289.3812 2009.9823 
Cm 2659.36 2964.28 3269.2 3574.12 
OC 6001.9497 5710.197 5558.5812 5584.1023 
LCC ($) 345521.85 372145.2 400626.79 431457.2 
Vtank (m3) 50 
AC (m2) 576 648 720 792 
ICsolar 271436 301928 332420 362912 
Ce*EAux 2962.9685 2353.477 1898.3975 1642.0148 
Cm 2714.36 3019.28 3324.2 3629.12 
OC 5677.3285 5372.757 5222.5975 5271.1348 
LCC ($) 346717.38 373170.8 401671.64 432807.25 
 
6.4 THE IMPACT OF BACKUP HEATER CAPACITY 
The backup heater is an important auxiliary component of the solar air 
conditioning system which is used to provide supplementary thermal power when solar 
energy is insufficient. The capacity of the backup heater is a key element to the system 
performance in terms of the backup heater energy consumption and the backup heater 
hot water outlet setpoint temperature. In order to assess the influence of the backup 
heater capacity on the system performance, four variables of the backup heater 
capacity will be evaluated. They are 50 kW, 100 kW, 200 kW and 300 kW. The 
maximum of 300 kW is selected based on the assumption that no solar thermal energy 
is contributed to the system and all thermal heat required for regeneration comes from 
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the backup heater. The backup heater energy consumption and the entering 
regeneration heating coil hot water temperature are the two indicators. The backup 
heater capacity analysis is based on the fixed storage tank volume of 40 m3 and 
collector area of 576 m2. 
Figure 6.11 demonstrates the monthly backup heater energy consumption with 
various backup heater capacities. The figure indicates that the backup heater consumes 
more energy in winter from April to August. This is because of low solar energy gains 
in winter. The backup heater also consumes substantial electricity in November. This 
is due to high dehumidification demand in November. In addition, the 50 kW heater 
capacity requires the least electrical energy, while the backup heater consumes the 
most electricity when the capacity is 100 kW. However, the backup heater’s energy 
consumption is quite similar between 100 kW, 200 kW and 300 kW capacity.  
 
Figure 6.11. The impact of backup heater capacity on backup heater energy consumption 
Figure 6.12 shows the impact of backup heater capacity on the 𝑇𝑟𝑒𝑔,𝑤,𝑖𝑛. The 
figure illustrates that in cooling and dehumidification dominated seasons from August 
to December and from January to April, the regeneration heating coil hot water inlet 
temperature can meet the design setpoint of 75oC with 5oC deadband for all capacities. 
In winter months from May to July, 50 kW heater capacity could not satisfy the design 
setpoint temperature for the regeneration heating coil hot water inlet due to insufficient 
heater capacity. However, for the other three heater capacities, the 𝑇𝑟𝑒𝑔,𝑤,𝑖𝑛 is quite 
similar, all beyond 72oC.  
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Figure 6.12. The impact of backup heater capacity on 𝑇𝑟𝑒𝑔,𝑤,𝑖𝑛 
Figure 6.13 clearly demonstrates the impact of varying backup heater capacity 
on the annual backup heater energy consumption and the yearly average regeneration 
heating coil hot water inlet temperature. The figure implies that although 50 kW heater 
capacity consumes the least backup electricity, at only 94 GJ annually, the regeneration 
heating coil hot water inlet temperature could not reach its setpoint on the yearly 
average, which will definitely lower the regeneration for dehumidifying effect, 
especially in winter months when dehumidification is still required. Since the 100 kW 
heater capacity has quite similar performances to bigger capacities on the annual 𝐸𝐴𝑢𝑥 
and yearly average 𝑇𝑟𝑒𝑔,𝑤,𝑖𝑛, considering the cost factor, the 100 kW backup heater 
capacity is the best choice. 
 
Figure 6.13. The impact of varying backup heater capacity on 𝐸𝐴𝑢𝑥  and 𝑇𝑟𝑒𝑔,𝑤,𝑖𝑛 
6.5 THE IMPACT OF EMS CONTROL  
The EMS control strategy mentioned in Section 4.3 is applied to the SDEC 
system and SDCC system which controls the operation of the desiccant 
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dehumidification process. This aims at reducing unnecessary regeneration energy 
consumption when dehumidifying is not required. It is accomplished by an actuator on 
the EMS that senses the outdoor air humidity ratio. Therefore, to analysis its impact 
on system performance, four outdoor air humidity ratio setpoint values have been 
assessed, which are 0.006 kg/kg, 0.008 kg/kg, 0.010 kg/kg, and 0.012 kg/kg. The 
backup heater energy consumption and indoor thermal comfort are the indicators 
which are illustrated in Figure 6.14 below. 
 
Figure 6.14. The impact of the outdoor air humidity control setpoint on backup energy consumption 
and indoor thermal comfort 
It shows that the higher the outdoor air humidity ratio setpoint is, the lower the 
backup electricity consumption is. When increasing the outdoor air humidity ratio 
control setpoint from 0.006 kg/kg to 0.012 kg/kg, the annual backup heater energy 
consumption reduces dramatically from 145 GJ to about 5 GJ. This is because of the 
reduced desiccant dehumidifying operation when improving the outdoor air humidity 
ratio actuator setpoint.  
However, this will sacrifice the indoor thermal comfort. It is quite obvious that 
when the outdoor air humidity ratio control setpoint is above 0.008 kg/kg, the unmet 
indoor cooling setpoint time also soars exponentially. More than 11% of time periods 
cannot meet the indoor design cooling setpoint when setting the outdoor air humidity 
ratio control setpoint at 0.012 kg/kg. While decreasing the outdoor air humidity ratio 
control setpoint under 0.008 kg/kg would not impact the indoor thermal comfort 
condition it will increase the backup energy consumption.  
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6.6 SUMMARY OF SENSITIVITY ANALYSIS 
This chapter has evaluated the factors that influence the building and HVAC 
system performance in terms of the storage tank volume, solar collector area, backup 
heater capacity, and outdoor air humidity control setpoint. 
The analysis results have indicated that increasing the storage tank volume or 
solar collector area will increase the solar fraction and reduce backup heater energy 
consumption. And the storage tank volume is more sensible to the system energy 
performance than the collector area. However, the system COP is not influenced by 
the storage tank volume and solar collector area under the current COP calculation 
method. The economic analysis for the solar loop subsystem has demonstrated that a 
storage capacity of 40 m3/576 m2 collector area gives the lowest life cycle cost of $ 
345,522.  
In addition, regarding to the backup heater capacity, 100 kW heater capacity is 
more preferable, which could satisfy the design regeneration heating coil hot water 
inlet temperature setpoint with relative low backup electricity consumption.  
Increasing the outdoor air humidity ratio actuator setpoint for EMS control 
would dramatically reduce backup energy consumption at the expense of indoor 
thermal comfort. An outdoor air humidity control setpoint of 0.008 kg/kg is more 
reasonable, which could achieve both low backup consumption and good indoor 
thermal comfort condition. 
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Chapter 7: Conclusions 
This chapter is divided into three parts. In Section 7.1, a brief summary of the 
research project has be presented. This is followed by the statement of the research 
key findings in Section 7.2. Finally, Section 7.3 has discussed the limitations and 
recommendations for future research. 
7.1 RESEARCH SUMMARY 
This research is motivated by the increasing concern about the substantial energy 
consumption and GHG emissions from building sectors in the world. The literature 
review in Chapter 2 has clearly pointed out that buildings are the major contributor to 
accelerating the effect of global warming in Australia, which are responsible for 40% 
of electricity depletion and 27% GHG emissions nationally. In addition, the HVAC 
system is the largest energy consumer in the Australian building industry, especially 
in commercial buildings. These were the main elements driving the investigation on 
advanced solar air conditioning technology applications in this research.  
By using the building energy simulation software EnergyPlus, this dissertation 
has investigated the feasibility of the SDEC system, SDCC system and SAC system 
with different solar collector types for a typical office building in all eight Australian 
capital cities. In order to answer the research problems proposed in Section 1.2 and 
achieve the research objectives mentioned in Section 1.3, the detailed research method 
and research process has been developed and conducted in Chapter 3 and Chapter 4.  
This research project has also built up a benchmark for the energy performance 
modelling of Australian office buildings. By assessing the technical, environmental 
and economic performance indicators, the research problems have clearly been 
answered through detailed discussion and analysis in Chapter 5. In addition, this thesis 
has also investigated several influential parameters that could impact the solar air 
conditioning system performance in Chapter 6.  
Specific key research findings will be presented in the following section.  
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7.2 MAJOR FINDINGS 
7.2.1 Summary of the Technical Performance of Using Different Collectors 
The discussions of different solar collector types on SF and system COP were 
conducted in Section 5.1.1 and Section 5.2.1 respectively based on a SDEC system. 
The simulation results indicated that the solar collector types would not impact the 
system COP under the current calculation method.  
However, the PVT collector has the highest SF due to both thermal energy and 
electricity generation, reaching 1.12 for Adelaide, 1.31 for Brisbane, 1.02 for 
Canberra, 1.45 for Darwin, 0.87 for Hobart, 0.9 for Melbourne, 1.24 for Perth, and 1.1 
for Sydney on an annual average. And the PV panel has the lowest SF because of low 
cell efficiency. It is estimated that generally for each city, the SF of using PVT 
collector is about 80% higher than that of using ST collector, and is as four times as 
that of using PV panels except in Brisbane and Darwin.  
Additionally, the PVT integrated SDEC system consumes the least energy, 
which is followed by PV and ST collectors. 
7.2.2 Key Findings for Different Proposed Solar Cooling Systems 
For the SF performance of using different solar cooling systems based on an ST 
collector, the SDEC system has commonly the highest annual SF, followed by SAC 
system and SDCC system. The SF of SDEC system is 12.1% higher than that of SAC 
system and 47.8% higher than that of SDCC system in Adelaide, 6.3% higher than that 
of SAC system and 20.5% higher than that of SDCC system in Brisbane, 34.8% higher 
than that of SAC system and 31.3% higher than that of SDCC system in Canberra, 
0.5% lower than that of SAC system and 73.8% higher than that of SDCC system in 
Darwin, 49.3% higher than that of SAC system and 28.8% higher than that of SDCC 
system in Hobart, 15.5% higher than that of SAC system and 26.6% higher than that 
of SDCC system in Melbourne, 16.3% higher than that of SAC system and 24.1% 
higher than that of SDCC system in Perth, and 4.9% higher than that of SAC system 
and 22.9% higher than that of SDCC system in Sydney. 
For the system COP, the SDEC system has the highest annual system COP in 
dehumidification and cooling dominated climates such as Brisbane, Darwin, Perth and 
Sydney, achieving about 48.5%, 17%, 8.6% and 10.6% higher than that of the SDCC 
system, and 65.6%, 331.3%, 15.8%, and 14.7% higher than that of the SAC system 
 Chapter 7: Conclusions 107 
respectively. While for dry and cold winter climates like Adelaide, Canberra, Hobart 
and Melbourne, the SDCC system has the highest annual COP due to the chiller effect. 
However, when considering the system EER, the SDEC system has the highest annual 
EER for all cities, followed by the SAC system, SDCC system, and the conventional 
VAV system.  
The energy performance results implied that for the ST collector coupled cooling 
systems, the SAC system consumes the least annual energy in cold climates such as 
Canberra, Hobart and Melbourne, which is about 10.7%, 5.2% and 9.7% lower than 
the conventional VAV system respectively. While for hot summer and moderate 
winter climates in Adelaide, Brisbane, Darwin, and Perth, the SDEC system is the most 
energy efficient substitution, as it consumes 15.7%, 22.8%, 35.2%, and 18% lower 
energy than the conventional VAV system respectively. In Sydney however, the SAC 
system and the SDEC system have the same annual energy consumption of 1346 GJ, 
which is 15.8% lower than the conventional VAV system.  
For PV integrated cooling systems, the VAV-PV system is more efficient than 
the other two desiccant assisted solar cooling systems in all cities. This is because of 
the excessive electrical energy requirement for regeneration in the desiccant assisted 
cooling systems. However, for the PVT incorporated systems, the SDEC system 
consumes the least energy except in Melbourne, where the SAC system is the most 
efficient.  
It was also concluded that for the same cooling subsystem, due to both thermal 
and electricity energy production, the PVT coupled solar cooling system consumes the 
least annual electricity, followed by PV system and ST system. The energy 
performance results were also strongly consistent with the SF performance and system 
EER performance results, namely the higher the SF and system EER, the lower the 
system energy consumption. 
The annual CO2 emissions reduction is associated with the annual electrical 
energy savings. Therefore, the SDEC-PVT system could save the most annual CO2 
emissions, which is about 280 t for Adelaide, 392 t for Brisbane, 338 t for Canberra, 
378 t for Darwin, 78 t for Hobart, 345 t for Perth, and 374 t for Sydney. While for 
Melbourne, the SAC-PVT system could reduce 355 t CO2 emissions annually, which 
is the largest among all system alternatives.  
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The economic performance results indicated only Darwin could achieve a 
positive NPV throughout the system lifetime when using SDEC systems under current 
NPV method. The NPV of the SDEC-ST, SDEC-PV, and SDEC-PVT system for 
Darwin is $66,185, $94,985, and $378,590 with the PBP of only 6.0 years, 6.8 years, 
and 6.4 years and LCC of $1,413,003, $1,384,203, and $1,100,598 respectively. Thus, 
the SDEC-PVT system is the most advantageous for Darwin due to the highest NPV, 
the lowest LCC, and low PBP. However, for Adelaide, the SDEC-PV system is the 
most economically feasible with 8.8 years PBP and $189,471 life cycle savings. While 
for Brisbane, Melbourne, Perth and Sydney, the SDEC-PVT system is also 
economically feasible because of life cycle saving achievements and relatively low 
PBP. For Canberra and Hobart, the proposed solar cooling systems are not 
economically feasible due to long PBP, higher LCC than the conventional VAV 
system, and the negative NPV. If using the new NPV calculation method, all cities 
could result in a positive NPV for the applications of the solar cooling systems except 
Canberra and Hobart. This also proved that solar cooling technology is not applicable 
for Canberra and Hobart due to economic disadvantages.  
In conclusion, solar assisted cooling technology is technically feasible for 
Australian office buildings and is able to significantly contribute to reducing GHG 
emissions. From the energy aspect, the SDEC system is more applicable in hot and 
humid climates such as Brisbane and Darwin, while for temperate and cold locations, 
the SAC system is more energy efficient. In addition, using a PVT collector results in 
more energy savings but at the same time requires more initial investment. However, 
from an economic point of view, the SDEC system performs the best. When 
synthesising the PBP, LCC and NPV, the SDEC-PVT is the optimum choice for 
Brisbane, Darwin, Melbourne, Perth and Sydney. The SDEC-PV is the best for 
Adelaide. For Canberra and Hobart, there is no advantage from the application of solar 
cooling technology compared with the conventional VAV system.  
7.2.3 Characterisation of the Sensitivity Analysis 
The sensitivity analysis examined the impacts of storage tank volume, solar 
collector area, backup heater capacity, and EMS control humidity ratio setpoint on the 
building performance based on Brisbane climate data. The sensitivity assessment 
results indicated that the storage tank volume will not significantly influence the SF 
and system COP, but will influence the backup heater energy consumption. The larger 
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the storage tank volume is, the greater the reduction in backup heater energy 
consumption. The backup energy consumption reduces from 184 GJ to 60 GJ when 
increasing the tank volume from 10 m3 to 50 m3.  
For the solar collector area, the SF increases slightly with the increase of the 
collector area, but it has no impact on system COP. In addition, increasing the collector 
area will also diminish backup heater energy consumption. However, considering the 
economic factors, a storage capacity of 40 m3/576 m2 collector area has the least life 
cycle cost. 
For the backup heater capacity, 100 kW heater capacity is the optimum to satisfy 
the regenerative hot water temperature setpoint with relatively low backup energy 
consumption.  
The EMS control sensitivity analysis indicates that, increase the outdoor air 
humidity ratio setpoint could reduce the backup heater energy consumption 
dramatically but at the same time compromise the indoor thermal comfort condition. 
When changing the outdoor air humidity ratio setpoint from 0.006 kg/kg to 0.012 
kg/kg, the backup heater consumption could reduce from 145 GJ to 4.83 GJ, while the 
indoor cooling setpoint unmet time could soar from 3.7% to 11.5%. The outdoor 
humidity ratio setpoint of 0.008 kg/kg for EMS control seems to be more reasonable 
because of both low backup heater energy consumption and indoor cooling setpoint 
unmet time. 
7.3 LIMITATIONS AND RECOMMENDATIONS 
The present research gives valuable insights into the feasibility of advanced solar 
assisted air conditioning applications for Australian commercial buildings. A 
comprehensive investigation has been conducted from technical, environmental and 
economic aspects. The author admits that the research results and conclusions strongly 
depend on the current parameter assumptions, including technical and economic data. 
This research is mainly conducted via EnergyPlus program simulation and is not 
associated with any experimental measurements. Therefore, experimental studies are 
highly appreciated for the improvement of the research’s reliability and accuracy. In 
the author’s opinion, the following suggestions should be considered in future work: 
 Parametric analysis to optimise the solar cooling system energy 
performance. This research does not involve the system optimisation. 
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Therefore, optimisation study is recommended for improving solar cooling 
system performance.  
 Using different building energy simulation tools to analyse the solar cooling 
system performance. Using different simulation tools could provide an 
interactive validation for the building and system model. It could also check 
the simulation results and the assumptions adopted in the simulation.  
 Experimental tests for solar assisted cooling systems if applicable. 
Experimental study is an effective method in providing data information for 
theoretical simulation. It could not only provide necessary input parameters 
for simulation by measuring the actual system operation, but it also gives a 
more practical understanding of the system. This is important so that the 
accuracy and reliability of the simulation results can be improved.  
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Appendix A Building envelope materials and constructions 
Constructions 
Materials (list from outside 
to inside) 
Thickness 
(mm) 
Conductivity 
(W/m-K) 
Density 
(kg/m3) 
Specific Heat 
(J/kg-K) 
U 
(W/m2-K) 
R 
(m2-K/W) 
Utotal 
(W/m2-K) 
Exterior Floor 
175mm Concrete Slab 175 0.3206 2243 837 1.8318 0.5459 
1.32 
F17 Carpet 12.7 0.06 288 1380 4.619 0.2117 
Interior Floor 
175mm Concrete Slab 175 0.3206 2243 837 1.8318 0.5459 
1.32 
F17 Carpet 12.7 0.06 288 1380 4.619 0.2117 
Exterior Wall 
M15 200mm Heavy Weight 
Concrete 
200 1.95 2240 900 9.7466 0.1026 
0.553 
R1.5 Batts Insulation 75 0.0457 19 960 0.6098 1.64 
10mm Plasterboard 10 0.16 950 840 16 0.0625 
Interior Wall MAT-Air Wall / / / / / 0.208 0.208 
Exterior Roof 
Metal Deck 19 0.14 530 900 7.3692 0.1357 
0.277 
F05 Ceiling Air Space / / / / / 0.18 
R2.0 Batts Insulation 100 0.0325 19 960 0.3249 3.0776 
13mm Acoustic Tiles 13 0.06 368 590 4.615 0.2167 
Interior Ceiling 
F17 Carpet 12.7 0.06 288 1380 4.619 0.2117 
1.32 
175mm Concrete Slab 175 0.3206 2243 837 1.8318 0.5459 
Exterior 
Window 
Single Clear Glass 6 1.70  / / 5.887 0.17 5.887 
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Appendix B Activity profiles adopted in this research 
The following table shows the percentage of the maximum level of occupants, lighting and equipment power and on/off times for HVAC. 
Hour 
Ending 
Weekday  Saturday Sunday 
Occupancy Lighting Equipment HVAC Occupancy Lighting Equipment HVAC Occupancy Lighting Equipment HVAC 
1 0% 10% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
2 0% 10% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
3 0% 10% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
4 0% 10% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
5 0% 10% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
6 0% 10% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
7 0% 10% 40% 100% 0% 10% 40% 0% 0% 10% 40% 0% 
8 25% 100% 45% 100% 0% 10% 40% 0% 0% 10% 40% 0% 
9 90% 100% 95% 100% 25% 100% 45% 0% 0% 10% 40% 0% 
10 97% 100% 100% 100% 50% 100% 55% 0% 0% 10% 40% 0% 
11 97% 100% 100% 100% 50% 100% 55% 0% 0% 10% 40% 0% 
12 97% 100% 100% 100% 50% 100% 55% 0% 0% 10% 40% 0% 
13 97% 100% 100% 100% 50% 100% 55% 0% 0% 10% 40% 0% 
14 97% 100% 100% 100% 50% 100% 55% 0% 0% 10% 40% 0% 
15 97% 100% 100% 100% 50% 100% 55% 0% 0% 10% 40% 0% 
16 97% 100% 100% 100% 25% 100% 45% 0% 0% 10% 40% 0% 
17 97% 100% 100% 100% 0% 10% 40% 0% 0% 10% 40% 0% 
18 75% 100% 80% 100% 0% 10% 40% 0% 0% 10% 40% 0% 
19 25% 100% 45% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
20 10% 100% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
21 2% 100% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
22 2% 100% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
23 0% 10% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
24 0% 10% 40% 0% 0% 10% 40% 0% 0% 10% 40% 0% 
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Appendix C Parameter data for economic performance evaluation 
Appendix C describes the parameters and calculations for the system economic 
performance evaluation. As some components’ costs are presented in euro, a currency 
conversion of 1.1 (OANDA, 18 December 2015) is used to convert € to $. The solar 
system components’ costs are summarised in Table C1. It should be noted that some 
values originally presented in € in Table C2 have been converted to $ as shown in 
Table C1. 
Table C1 
Solar System Components’ Costs 
Item 
Cost 
ST PV PVT 
Related to Area $/m2    
Absorber 77 - 77 
Collector housing 126.5 -  
Collector installation costs 220 - 220 
PV laminates - 385 385 
PV framing and support - 99 99 
Inverter - 66 66 
PV installation Costs - 99  
Additional PVT manufacturing costs - - 20 
Subtotal 423.5 649 869 
Collector area m2 720 720 720 
Total collector costs 304920 467280 625680 
Fixed system cost $    
Storage tank 16500 - 16500 
Backup heater 44000 - 44000 
Solar hot water pumps 4080 - 4080 
Subtotal costs of fixed components 64580 - 64580 
Total Solar System Costs $ 369500 467280 690260 
 
Other system equipment costs, system operation and maintenance costs, and cost 
references are listed in Table C2 below.  
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Table C2 
Summary of System Equipment Costs and O&M Costs 
Component References Price/unit 
Solar water pump Australian Construction Handbook, 2011 $2040 
Central plant pump Australian Construction Handbook, 2011 $6800 
DD  Desiccant Rotors International Pvt. Ltd $46000 
HX Guangzhou Jiema Heat Exchange Equipment Co., Ltd $10000 
Evaporative cooler Australian Construction Handbook, 2011 $3300 
ST collector Bakker et al., 2005 385 €/m2 
PV panels Bakker et al., 2005 590 €/m2 
PVT panels Bakker et al., 2005 790 €/m2 
Storage tank Henning, 2007 500 €/m3 
Backup heater Henning, 2007 400 €/kW 
Fan Australian Construction Handbook, 2011 $8600 
Air terminal units Australian Construction Handbook, 2011 $3300 
Cooling coil Australian Construction Handbook, 2011 $9300 
Boiler  Australian Construction Handbook, 2011 $32000 
Absorption chiller Henning, 2007 400 €/kW 
Compression chiller Henning, 2007 300 €/kW 
Cooling tower Henning, 2007 35 €/kW 
O&M cost for PV Salasovich & Mosey, 2011 0.17% of total IC  
O&M cost for ST Henning, 2007 1% of total IC  
O&M cost for absorption 
chiller plant 
Ghadamian et al., 2012 20 $/tons of 
refrigeration 
O&M cost for 
compression chiller plant 
Tsoutsos, et al., 2003 4% of total IC 
O&M cost for desiccant 
subsystem 
Henning, 2007 2% of total IC 
O&M for referenced 
conventional VAV 
Henning, 2007 7.7 $/m2 
conditioned space 
 
The O&M costs for different HVAC systems are calculated as follows. 
Table C3 
O&M Cost Calculation 
System Expression  O&M cost ($) Comments 
ST 369500×1% 3695 1% of solar system IC 
PV 467280×0.17% 794 0.17% of solar system IC 
PVT 3695+(690260-369500)×0.17% 4240 ST+(ICPVT-ICST)*0.17% 
Desiccant 
subsystem 
62600×2% 1252 For SDEC 
Desiccant 
subsystem 
59300×2% 1186 For SDCC 
Absorption 
chiller plant 
20×RT Depend on Capacity RT: refrigeration ton, 
1 kW=0.2844 RT 
Compression 
chiller plant 
& Airloop 
subsystem 
IC×4% Depend on Capacity  
Referenced 
VAV system 
2003.85×7.7 15430  
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The central plant equipment capacity for IC calculation and absorption chiller 
O&M calculation for different cities are shown in Table C4. 
Table C4 
Central Plant Equipment Capacity 
 kW ADL BNE CBR DRW HBA MEL PER SYD 
VAV 
Compression chiller 234 264 219 293 205 241 239 259 
Cooling tower 240 271 224 300 210 247 245 265 
SDCC 
Compression chiller 148 105 100 200 80 80 110 110 
Cooling tower 152 108 103 205 82 82 113 113 
SAC 
Absorption chiller 248 279 229 290 218 256 253 247 
Cooling tower 241 270 224 270 211 248 241 265 
 
Therefore, the central plant equipment costs are obtained in Table C5 below. 
Table C5 
Central Plant Equipment Cost 
 $ ADL BNE CBR DRW HBA MEL PER SYD 
VAV 
Compression 
chiller 
77220 87120 72270 96690 67650 79530 78870 85470 
Cooling 
tower 
9240 10434 8624 11550 8085 9510 9433 10203 
SDCC 
Compression 
chiller 
48840 34650 33000 66000 26400 26400 36300 36300 
Cooling 
tower 
5852 4158 3966 7893 3157 3157 4351 4351 
SAC 
Absorption 
chiller 
109120 122760 100760 127600 95920 112640 111320 108680 
Cooling 
tower 
9279 10395 8624 10395 8124 9548 9279 10203 
 Absorption 
O&M 
1411 1587 1303 1650 1240 1456 1439 1405 
 
The detailed initial costs and operating costs for the calculation of PBP, LCC 
and NPV of each solar cooling system for each city are presented from Table C6 to 
Table C13. The O&M cost calculations are referenced from Table C3. 
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Table C6 
Detailed Cost Parameters for Adelaide 
 
 
Table C7 
Detailed Cost Parameters for Brisbane 
 
 
 
 
 
 
 
 
 
 
 
 
VAV VAV-PV ST PV PVT ST PV PVT ST PVT
Collector 0 467280 304920 467280 625680 304920 467280 625680 304920 625680
SWP 0 0 4080 0 4080 4080 0 4080 4080 4080
Storage tank 0 0 16500 0 16500 16500 0 16500 16500 16500
Backup heater 0 0 44000 0 44000 44000 0 44000 44000 44000
DD 0 0 46000 46000 46000 46000 46000 46000 0 0
HX 0 0 10000 10000 10000 10000 10000 10000 0 0
EC 0 0 6600 6600 6600 3300 3300 3300 0 0
Fan 17200 17200 8600 8600 8600 8600 8600 8600 17200 17200
ATU 49500 49500 49500 49500 49500 49500 49500 49500 49500 49500
CC 9300 9300 0 0 0 9300 9300 9300 9300 9300
Boiler 32000 32000 0 0 0 0 0 0 0 0
CPP 20400 20400 0 0 0 13600 13600 13600 13600 13600
Chiller+Cooling 
Tower
86460 86460 0 0 0 54692 54692 54692 118399 118399
Total IC SUM 214860 682140 490200 587980 810960 564492 662272 885252 577499 898259
O&M 15430 16224 7271 4370 7816 10309 7408 10854 7774 8319
Fuel Cost
55314 17515 46619 23946 9044 55361 32462 17760 47772 10287
SUM 70744 33739 53890 28316 16860 65670 39870 28614 55546 18606
ΔIC / 467280 275340 373120 596100 349632 447412 670392 362639 683399
ΔOC / 37005 16854 42428 53884 5074 30874 42130 15198 52138
$
SDEC SDCC
Total OC
Solar 
Subsystem
Desiccant 
Subsystem
AirLoop 
Subsystem
Central 
Plant
Reference SAC
VAV VAV-PV ST PV PVT ST PV PVT ST PVT
Collector 0 467280 304920 467280 625680 304920 467280 625680 304920 625680
SWP 0 0 4080 0 4080 4080 0 4080 4080 4080
Storage tank 0 0 16500 0 16500 16500 0 16500 16500 16500
Backup heater 0 0 44000 0 44000 44000 0 44000 44000 44000
DD 0 0 46000 46000 46000 46000 46000 46000 0 0
HX 0 0 10000 10000 10000 10000 10000 10000 0 0
EC 0 0 6600 6600 6600 3300 3300 3300 0 0
Fan 17200 17200 8600 8600 8600 8600 8600 8600 17200 17200
ATU 49500 49500 49500 49500 49500 49500 49500 49500 49500 49500
CC 9300 9300 0 0 0 9300 9300 9300 9300 9300
Boiler 32000 32000 0 0 0 0 0 0 0 0
CPP 20400 20400 0 0 0 13600 13600 13600 13600 13600
Chiller+Cooling 
Tower
97554 97554 0 0 0 38808 38808 38808 133155 133155
Total IC SUM 225954 693234 490200 587980 810960 548608 646388 869368 592255 913015
O&M 15430 16224 7271 4370 7816 9673 6772 10218 7950 8495
Fuel Cost
50018 20471 38586 37665 8939 48726 50410 20022 40558 10592
SUM 65448 36695 45857 42035 16755 58399 57182 30240 48508 19087
ΔIC / 467280 264247 362027 585007 322655 420435 643415 366302 687062
ΔOC / 28753 19591 23413 48693 7048 8265 35207 16940 46361
$
Reference SDEC SDCC SAC
Solar Subsystem
Desiccant 
Subsystem
AirLoop 
Subsystem
Central Plant
Total OC
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Table C8 
Detailed Cost Parameters for Canberra 
 
 
Table C9 
Detailed Cost Parameters for Darwin 
 
 
 
 
 
VAV VAV-PV ST PV PVT ST PV PVT ST PVT
Collector 0 467280 304920 467280 625680 304920 467280 625680 304920 625680
SWP 0 0 4080 0 4080 4080 0 4080 4080 4080
Storage tank 0 0 16500 0 16500 16500 0 16500 16500 16500
Backup heater 0 0 44000 0 44000 44000 0 44000 44000 44000
DD 0 0 46000 46000 46000 46000 46000 46000 0 0
HX 0 0 10000 10000 10000 10000 10000 10000 0 0
EC 0 0 6600 6600 6600 3300 3300 3300 0 0
Fan 17200 17200 8600 8600 8600 8600 8600 8600 17200 17200
ATU 49500 49500 49500 49500 49500 49500 49500 49500 49500 49500
CC 9300 9300 0 0 0 9300 9300 9300 9300 9300
Boiler 32000 32000 0 0 0 0 0 0 0 0
CPP 20400 20400 0 0 0 13600 13600 13600 13600 13600
Chiller+Cooling 
Tower
80894 80894 0 0 0 36966 36966 36966 109384 109384
Total IC SUM 209294 676574 490200 587980 810960 546766 644546 867526 568484 889244
O&M 15430 16224 7271 4370 7816 9600 6699 10145 7666 8211
Fuel Cost
23499 6543 21364 11981 4546 23512 14254 7006 20995 4730
SUM 38929 22767 28635 16351 12362 33112 20953 17151 28661 12941
ΔIC / 467280 280906 378686 601666 337472 435252 658232 359190 679950
ΔOC / 16162 10294 22578 26567 5817 17976 21778 10268 25988
$
Total OC
Solar 
Subsystem
Desiccant 
Subsystem
AirLoop 
Subsystem
Central 
Plant
Reference SDEC SDCC SAC
VAV VAV-PV ST PV PVT ST PV PVT ST PVT
Collector 0 467280 304920 467280 625680 304920 467280 625680 304920 625680
SWP 0 0 4080 0 4080 4080 0 4080 4080 4080
Storage tank 0 0 16500 0 16500 16500 0 16500 16500 16500
Backup heater 0 0 44000 0 44000 44000 0 44000 44000 44000
DD 0 0 46000 46000 46000 46000 46000 46000 0 0
HX 0 0 10000 10000 10000 10000 10000 10000 0 0
EC 0 0 6600 6600 6600 3300 3300 3300 0 0
Fan 17200 17200 8600 8600 8600 8600 8600 8600 17200 17200
ATU 49500 49500 49500 49500 49500 49500 49500 49500 49500 49500
CC 9300 9300 0 0 0 9300 9300 9300 9300 9300
Boiler 32000 32000 0 0 0 0 0 0 0 0
CPP 20400 20400 0 0 0 13600 13600 13600 13600 13600
Chiller+Cooling 
Tower
108240 108240 0 0 0 73893 73893 73893 137995 137995
Total IC SUM 236640 703920 490200 587980 810960 583693 681473 904453 597095 917855
O&M 15430 16224 7271 4370 7816 11077 8176 11622 8013 8558
Fuel Cost
96123 46392 62322 55677 14027 81929 64277 33259 75112 36485
SUM 111553 62616 69593 60047 21843 93006 72453 44881 83125 45043
ΔIC / 467280 253560 351340 574320 347053 444833 667813 360455 681215
ΔOC / 48937 41960 51506 89710 18547 39100 66672 28428 66510
$
Reference SDEC SDCC SAC
Solar Subsystem
Central Plant
Total OC
Desiccant 
Subsystem
AirLoop 
Subsystem
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Table C10 
Detailed Cost Parameters for Hobart 
 
 
Table C11 
Detailed Cost Parameters for Melbourne 
 
 
 
 
 
 
 
 
 
 
VAV VAV-PV ST PV PVT ST PV PVT ST PVT
Collector 0 467280 304920 467280 625680 304920 467280 625680 304920 625680
SWP 0 0 4080 0 4080 4080 0 4080 4080 4080
Storage tank 0 0 16500 0 16500 16500 0 16500 16500 16500
Backup heater 0 0 44000 0 44000 44000 0 44000 44000 44000
DD 0 0 46000 46000 46000 46000 46000 46000 0 0
HX 0 0 10000 10000 10000 10000 10000 10000 0 0
EC 0 0 6600 6600 6600 3300 3300 3300 0 0
Fan 17200 17200 8600 8600 8600 8600 8600 8600 17200 17200
ATU 49500 49500 49500 49500 49500 49500 49500 49500 49500 49500
CC 9300 9300 0 0 0 9300 9300 9300 9300 9300
Boiler 32000 32000 0 0 0 0 0 0 0 0
CPP 20400 20400 0 0 0 13600 13600 13600 13600 13600
Chiller+Cooling 
Tower
75735 75735 0 0 0 29557 29557 29557 104044 104044
Total IC SUM 204135 671415 490200 587980 810960 539357 637137 860117 563144 883904
O&M 15430 16224 7271 4370 7816 9303 6402 9848 7603 8148
Fuel Cost
27200 10150 26185 14861 9386 27902 16634 11230 25784 9432
SUM 42630 26374 33456 19231 17202 37205 23036 21078 33387 17580
ΔIC / 467280 286065 383845 606825 335222 433002 655982 359009 679769
ΔOC / 16256 9174 23399 25428 5424 19593 21551 9243 25050
$
Total OC
Solar 
Subsystem
Desiccant 
Subsystem
AirLoop 
Subsystem
Central 
Plant
Reference SDEC SDCC SAC
VAV VAV-PV ST PV PVT ST PV PVT ST PVT
Collector 0 467280 304920 467280 625680 304920 467280 625680 304920 625680
SWP 0 0 4080 0 4080 4080 0 4080 4080 4080
Storage tank 0 0 16500 0 16500 16500 0 16500 16500 16500
Backup heater 0 0 44000 0 44000 44000 0 44000 44000 44000
DD 0 0 46000 46000 46000 46000 46000 46000 0 0
HX 0 0 10000 10000 10000 10000 10000 10000 0 0
EC 0 0 6600 6600 6600 3300 3300 3300 0 0
Fan 17200 17200 8600 8600 8600 8600 8600 8600 17200 17200
ATU 49500 49500 49500 49500 49500 49500 49500 49500 49500 49500
CC 9300 9300 0 0 0 9300 9300 9300 9300 9300
Boiler 32000 32000 0 0 0 0 0 0 0 0
CPP 20400 20400 0 0 0 13600 13600 13600 13600 13600
Chiller+Cooling 
Tower
89040 89040 0 0 0 29557 29557 29557 122188 122188
Total IC SUM 217440 684720 490200 587980 810960 539357 637137 860117 581288 902048
O&M 15430 16224 7271 4370 7816 9303 6402 9848 7819 8364
Fuel Cost
76250 29919 69271 49949 24736 78653 59590 34695 68835 24238
SUM 91680 46143 76542 54319 32552 87956 65992 44543 76654 32602
ΔIC / 467280 272760 370540 593520 321917 419697 642677 363848 684608
ΔOC / 45537 15138 37361 59128 3723 25687 47136 15026 59078
$
Reference SDEC SDCC SAC
Solar Subsystem
Desiccant 
Subsystem
AirLoop 
Subsystem
Central Plant
Total OC
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Table C12 
Detailed Cost Parameters for Perth 
 
 
Table C13 
Detailed Cost Parameters for Sydney 
 
 
 
 
VAV VAV-PV ST PV PVT ST PV PVT ST PVT
Collector 0 467280 304920 467280 625680 304920 467280 625680 304920 625680
SWP 0 0 4080 0 4080 4080 0 4080 4080 4080
Storage tank 0 0 16500 0 16500 16500 0 16500 16500 16500
Backup heater 0 0 44000 0 44000 44000 0 44000 44000 44000
DD 0 0 46000 46000 46000 46000 46000 46000 0 0
HX 0 0 10000 10000 10000 10000 10000 10000 0 0
EC 0 0 6600 6600 6600 3300 3300 3300 0 0
Fan 17200 17200 8600 8600 8600 8600 8600 8600 17200 17200
ATU 49500 49500 49500 49500 49500 49500 49500 49500 49500 49500
CC 9300 9300 0 0 0 9300 9300 9300 9300 9300
Boiler 32000 32000 0 0 0 0 0 0 0 0
CPP 20400 20400 0 0 0 13600 13600 13600 13600 13600
Chiller+Cooling 
Tower
88303 88303 0 0 0 40651 40651 40651 120599 120599
Total IC SUM 216703 683983 490200 587980 810960 550451 648231 871211 579699 900459
O&M 15430 16224 7271 4370 7816 9747 6846 10292 7802 8347
Fuel Cost
60797 18789 49836 35529 8439 60213 46472 18758 50747 9320
SUM 76227 35013 57107 39899 16255 69960 53318 29050 58549 17667
ΔIC / 467280 273497 371277 594257 333748 431528 654508 362996 683756
ΔOC / 41214 19120 36328 59972 6267 22909 47177 17678 58560
$
SAC
Total OC
Solar 
Subsystem
Desiccant 
Subsystem
AirLoop 
Subsystem
Central 
Plant
Reference SDEC SDCC
VAV VAV-PV ST PV PVT ST PV PVT ST PVT
Collector 0 467280 304920 467280 625680 304920 467280 625680 304920 625680
SWP 0 0 4080 0 4080 4080 0 4080 4080 4080
Storage tank 0 0 16500 0 16500 16500 0 16500 16500 16500
Backup heater 0 0 44000 0 44000 44000 0 44000 44000 44000
DD 0 0 46000 46000 46000 46000 46000 46000 0 0
HX 0 0 10000 10000 10000 10000 10000 10000 0 0
EC 0 0 6600 6600 6600 3300 3300 3300 0 0
Fan 17200 17200 8600 8600 8600 8600 8600 8600 17200 17200
ATU 49500 49500 49500 49500 49500 49500 49500 49500 49500 49500
CC 9300 9300 0 0 0 9300 9300 9300 9300 9300
Boiler 32000 32000 0 0 0 0 0 0 0 0
CPP 20400 20400 0 0 0 13600 13600 13600 13600 13600
Chiller+Cooling 
Tower
95673 95673 0 0 0 40651 40651 40651 118883 118883
Total IC SUM 224073 691353 490200 587980 810960 550451 648231 871211 577983 898743
O&M 15430 16224 7271 4370 7816 9747 6846 10292 7768 8313
Fuel Cost
58008 20782 48849 41003 12015 58717 52910 22964 48845 12356
SUM 73438 37006 56120 45373 19831 68464 59756 33256 56613 20669
ΔIC / 467280 266127 363907 586887 326378 424158 647138 353910 674670
ΔOC / 36432 17318 28065 53607 4974 13682 40182 16825 52769
$
Reference SDEC SDCC SAC
Solar Subsystem
Desiccant 
Subsystem
AirLoop 
Subsystem
Total OC
Central Plant
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Table C14 
Heat Exchanger Data from Manufacturer 
Guangzhou Jiema Heat Exchange Equipment Co.,Ltd 
 
Air Heat Exchanger Quotation List 
 
 
Attn :  
马先生 
Price Terms :  FOB Guangzhou , China 
Company :  Payment terms :  TT , 30% Deposit , balance before shipping 
Tel : 61-07-31382178 Lead time :  35 days after order confirmed 
Fax :  Quotation date :  2015-5-25 
  Valid date :  1 months 
 
 
 
 
Model No. 
 
 
Specification 
 
 
Usage Parameter 
 
 
Unit Price USD/pcs 
 
 
Quantity (pcs) 
 
Total Value 
(USD) 
 
 
 
BKB1200-5000 
 
Air to Air  Heat Exchanger 
1, Heat recovery : 472 KW 
2,Pressure Loss :286 
3、Equipment material : Plate : aluminium 
Frame : stainless steel 
 
 
 
see to below 
 
 
 
US$10,000.00 
 
 
 
1 
 
 
 
US$10,000.00 
 
Usage parameter 
Hot side （air ） inlet temperature：54℃ 
outlet  temperature：32.4 
flow rate ：20 m3/s 
Cold side（ air） inlet temperature：20℃ 
outlet  temperature：41.6 
flow rate：20 m3/s 
Remarks : 
 
1）Manufacturer's standard：B/T14296-2014《Heat Exchanger》. 2）Warranty 
period：          Within one year warranty under normal operation 
3) Certificate : ISO9001:2008 , CE 
 
4) Packing method : polywood case 
 
5）Payment Term：                     TT , 30% Deposit , balance before shipping 
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Appendix D Samples of the PBP, LCC, NPV, and NPV’ calculation 
The sample calculations of the PBP, LCC, NPV, and NPV’ are based on the 
SDEC-ST system in Brisbane. 
Appendix D1: A sample calculation of the PBP 
System initial cost calculation 
For the conventional VAV system, it has one supply fan and one return fan with 
$8600 each according to Table C2. And there are 15 air terminal units with $3300 
each. Therefore, the air-loop subsystem of the VAV system is 
8600*2+3300*15=$66700. For the central plant, according to Table C2 and Table C4, 
there is one $9300 cooling coil; one $32000 boiler; one 264 kW compression chiller 
with the price of €300/kW;  one 271 kW cooling tower with the price of €35/kW; and 
3 central plant pumps with $6800 each. The € to $ currency conversion factor is 1.1. 
Therefore, the central plant cost of the conventional VAV system is 
9300+32000+264*300*1.1+271*35*1.1+3*6800=$159254. Therefore, the total IC of 
the VAV system is 159254+66700=$225954 as shown in Table C7.  
For the SDEC-ST system, according to Table C1 and Table C2, it has two solar 
hot water pumps with $2040 each; 720 m2 solar thermal collector with 423.5 $/m2; one 
30 m3 storage tank with the price of 500 €/m3; one 100 kW backup heater with the 
price of 400 €/kW. Therefore, the solar subsystem of the SDEC-ST system is 
2040*2+720+423.5+30*500*1.1+100*400*1.1=$369500. In addition, there is one 
$46000 desiccant dehumidifier, one $10000 sensible air-to-air heat exchanger, two 
direct evaporative coolers with $3300 each, one $8600 supply fan (return fan has been 
included in the desiccant dehumidifier package), and 15 air terminal units with $3300 
each. Therefore, the total IC of the SDEC-ST system is 
369500+46000+10000+3300*2+8600+15*3300=$490200 as shown in Table C7.  
Therefore, the ΔIC is 490200-225954=$264246 as shown in Table C7. 
System operating cost calculation 
According to Eq. (3.20), the system operating cost is comprised of annual fuel 
cost and annual system operation & maintenance (O&M) cost.  
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For the VAV system, according to Table C2 and Table C3, the O&M cost is 
7.7*2003.85=$15430. The annual electricity consumption is 1716.79 GJ in Brisbane 
from Table 5.2 and the electricity price is 0.1048 $/kWh from Table 3.5. Thus, the 
total OC of the VAV system is 15430+0.1048*1716.79*278=$65448 as shown in 
Table C7.  
For the SDEC-ST system, according to  Table C2 and Table C3, the O&M cost 
for the solar subsystem is 369500*1%=$3695. The O&M cost for the desiccant 
subsystem is (46000+10000+3300*2)*2%=$1252. The O&M cost for the air-loop 
subsystem is (8600+3300*15)*4%=$2324. Thus, the total O&M cost of the SDEC-ST 
system is 3695+1252+2324=$7271 as shown in Table C7. The annual electricity 
consumption is 1324.4 GJ according to Table 5.2. Therefore, the total OC of the 
SDEC-ST system is 7271+1324.4*0.1048*278=$45857 as shown in Table C7. 
Therefore, the ΔOC is 65448-45857=$19591 as shown in Table C7.  
According to Eq. (3.17), the PBP of the SDEC-ST system in Brisbane can then 
be calculated as ΔIC/ΔOC=264246/19591=13.5 as shown in Table 5.5.  
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Appendix D2: A sample calculation of the LCC 
Also, take the SDEC-ST system in Brisbane as an example, the lifespan of the 
system is 25 years, the discount rate is 8% and the inflation rate is 2.5% from Table 
3.6. Therefore, the PWF is calculated as 13.26 based on Eq. (3.18). According to 
Appendix D1, the total IC and OC of the SDEC-ST system is $490200 and $45857 
respectively. Thus, the LCC of the SDEC-ST system in Brisbane is 
490200+13.26*45857=$1,098,264 based on Eq. (3.19) as shown in Table 5.6. 
  
 134 Appendices 
Appendix D3: A sample calculation of the NPV 
From the previous discussions in Appendix D1 and Appendix D2, we have got 
the value of ΔOC, IC and PWF. Therefore, based on Eq. (3.21), the NPV of the SDEC-
ST in Brisbane is 13.26*19591-490200=$-230428 as shown in Table 5.7.  
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Appendix D4: A sample calculation of the NPV’ 
Also, take the SDEC-ST system in Brisbane as an example, since we have got 
PWF, ΔOC, and ΔIC, the NPV’ can then be calculated as 19591*13.26-264246=$-
4475 as shown in Table 5.8 based on Eq. (5.2). 
 
